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Editorial on the Research Topic

Nutrition, Immunity and Viral Infections

Viral infectious diseases have a great impact on humankind. Pandemic, epidemic, and endemic viral
diseases produce considerable morbidity and mortality, negatively affecting not only health and
well-being but also local and global economies by increasing school and work absenteeism as well
as the healthcare system expenses. Probably the best example of this global threat is the infectious
disease caused by the novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
which has infected millions of people globally during the 2019-2020 pandemic [WHO, coronavirus
pandemic; (1)]. Viral infections not only affect the economy in terms of human life, they also
induce losses in livestock and crops (2), and can break down the barriers between animals and
people, creating new potential dangers to human health (3). The SARS-CoV-2 pandemic pushed
healthcare systems around the world to the limit and put pressure on the scientific community to
provide solutions that help to prevent or alleviate its harmful effects. In consequence, in the past few
months, there has been a reevaluation of the work of scientists actively investigating the biological
features of viral infections, as well as potential preventive and therapeutic tools to combat them.

As a discipline, Nutritional Immunology is working actively, contributing to the prevention
of viral infections (4–7). One of the most important fields of Nutritional Immunology is the
study of the relationship between nutrition, immunity, and infections. During recent decades,
incredible advances have beenmade in understanding how nutrients (or the lack of them) influence
the microbiota and the immune system and affect resistance to viral infections. Scientists have
gained insight into the cellular and molecular interactions of nutrients and microorganisms with
the immune system, and this information has allowed the development of practical applications
and biotechnological tools for improving the immune system and ameliorating the negative
consequences of viral infections in humans and animals. Themanuscripts gathered in this Research
Topic are examples of the mechanistic and applied investigations into the effects of nutritional and
immunological interventions on viral diseases.
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The interaction and stimulation of intestinal epithelial cells
(IECs) and antigen presenting cells (APCs) in the gastrointestinal
mucosa by beneficial immunomodulatory microorganisms have
been suggested as one of the most important mechanisms
involved in the improvement of the resistance against
viral infections induced by nutritional and immunological
interventions with probiotic foods and feeds (1, 4, 8). Therefore,
there is great interest in elucidating the mechanisms involved
in the interaction between beneficial microorganisms with IECs
and APCs, which are the first to meet the microbes and their
molecules reaching the intestinal mucosa. In this Research Topic,
Garcia-Castillo et al., Kanmani and Kim, and Albarracin et al.,
provide some clues of the cellular and molecular mechanisms
involved in the beneficial interactions of probiotic lactobacilli
strains with IECs and APCs. Interestingly, Albarracin et al., have
demonstrated that the interaction of probiotic lactobacilli such
as Lactobacillus rhamnosus CRL1505 or L. plantarum MPL16
with IECs not only influences the antiviral immune response in
the gastrointestinal tract but, in addition, may contribute to the
beneficial modulation of the innate antiviral responses in distant
mucosal tissues such as the respiratory tract.

In addition to studying the probiotic-induced immune
changes in the host, it is also necessary to find out which
bacterial molecules are responsible for their beneficial effects. In
this regard, Mizuno et al. developed a D-alanyl-lipoteichoic acid
biosynthesis protein knockout-mutant strain, to demonstrate
the key role of lipoteichoic acid in the anti-inflammatory effect
induced by the probiotic L. plantarum CRL1506 strain in
the context of Toll-like receptor (TLR)-3-mediated intestinal
inflammation. The characterization of the immunomodulatory
effects of beneficial microorganisms and their effector molecules
on the mucosal immune system provides a scientific basis
to apply them for modulating both the innate immunity
and the adaptive immunity targeting specific antigens. Thus,
microorganisms and immunomodulatory molecules have been
proposed as adjuvants for the generation of mucosal vaccines.
Raya Tonetti et al. demonstrated that bacterium-like particles
(BLPs) obtained from different immunomodulatory lactobacilli
strains differed in their abilities to regulate intestinal and systemic
adaptive immune responses induced by the oral administration
of a rotavirus vaccine. The work proposed that BLPs derived
from highly immunomodulatory lactobacilli strain as an excellent
alternative for the development of mucosal antiviral vaccines,
indicating that it is necessary to appropriately select BLPs
to find those with the most efficient adjuvant properties. In
addition, Nigar and Shimosato have reviewed how unmethylated
cytosine–guanine dinucleotide (CpG) motifs and single-stranded
synthetic oligodeoxynucleotides, acting through TLR9 activation,
are potent stimulators of the host immune responsemaking them
an interesting alternative as mucosal adjuvants for antiviral and
antitumor vaccines.

Nutrients such as micronutrients and flavonoids also have
been shown to influence the immune responses against viral
infections. In this regard, zinc has been shown to regulate diverse
physiological functions and to play crucial, and sometimes
divergent roles in viral infections. Kar et al. demonstrated that
zinc depletion inhibited Dengue Virus and Japanese Encephalitis
Virus infections in IECs but had no effect on rotavirus infection.

These results pointed out that modulation of zinc homeostasis
during virus infection could be a component of the host antiviral
response. Thus, the modulation of zinc homeostasis could be
used as a potent antiviral strategy against flaviviruses. On the
other hand, Wu et al. reported that puerarin, an isoflavonoid
isolated from the traditional Chinese herb Gegen, differentially
modulates the innate immune response against the Porcine
Epidemic Diarrhea Virus. The proteomic study performed in this
work both in cell cultures and in neonatal pigs demonstrated
the ability of puerarin to inhibit the virus-induced nuclear factor
(NF)-κB activation and inflammatory damage as well as to
increase the expression of several interferon (IFN)-stimulated
genes. These two original research articles are examples of how
Nutritional Immunology applied to viral infections can offer
the scientific basis for the development of new antiviral foods
and feeds.

On the other hand, it is well-known that the adipose tissue
plays key roles in immunometabolism in health and disease
conditions such as viral infections. Therefore, investigating the
ability of cells in the adipose tissue to respond to microbial
ligands may contribute to a better understanding of the role
of this physiological system in resistance to infections. It was
reported that human and mouse adipocytes are capable of
responding to TLR3 activation by producing tumor necrosis
factor (TNF)-α, interleukin (IL)-6, IL-8, and chemokine C-C
motif ligand (CCL)-2 as well as IFN-α/β and multiple anti-
viral proteins (9, 10), indicating that adipose cells are able
to trigger innate antiviral responses. In this Research Topic,
Igata et al. performed a global transcriptomic study in porcine
intramuscular mature adipocytes following the stimulation
with TLR2, TLR3, and TLR4 ligands. Interestingly, the work
demonstrated that porcine adipocytes, similar to human and
mouse cells, can respond to TLR3 activation by increasing the
expression of several genes (CCL2, CCL8, CCL5, CCL3L1, IL1β,
and IL12) that participate in antiviral inflammatory responses.
This work opens the doors for future research on the response of
adipocytes in the defense of viral infections in the porcine host,
as well as its potential use as a human model.

Interestingly, zebrafish has become a well-recognized animal
model to study host-microbe-immune interactions because of
the diverse set of laboratory tools available for these cyprinids,
including the possibility of generating germ-free individuals
or the in vivo imaging of specific immune cell populations
in whole transgenic organisms. López Nadal et al. revised the
practical advantages of zebrafish and discussed how this model
sheds light on the mechanisms by which feed influences host-
microbe-immune interactions and ultimately fish health and
resistance to infections. As an interesting example of the use
of the zebrafish model for the study of immunomodulatory
feeds Ikeda-Ohtsubo et al., reported the capacity of a fucose-rich
sulfated polysaccharide called fucoidan, extracted from edible
seaweed Cladosiphon okamuranus, to modulate microbiota and
immune responses.

The collection of reviews and original research articles
presented under this Research Topic provide a comprehensive
set of information on the potential of nutritional interventions
to beneficially modulate antiviral immune responses in both
humans and animals. The editors hope that this topic will act as a
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potent stimulus for further research in this growing and exciting
area of the Nutritional Immunology.
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Adipocytes are the most important cell type in adipose tissue playing key roles

in immunometabolism. We previously reported that nine members of the Toll-like

receptor (TLR) family are expressed in an originally established porcine intramuscular

pre-adipocyte (PPI) cell line. However, the ability of TLR ligands to modulate

immunometabolic transcriptome modifications in porcine adipocytes has not been

elucidated. Herein, we characterized the global transcriptome modifications in porcine

intramuscular mature adipocytes (pMA), differentiated from PPI, following stimulation

with Pam3csk4, Poly(I:C) or LPS which are ligands for TLR2, TLR3, and TLR4,

respectively. Analysis of microarray data identified 530 (218 up, 312 down), 520 (245

up, 275 down), and 525 (239 up, 286 down) differentially expressed genes (DEGs) in

pMA following the stimulation with Pam3csk4, Poly(I:C), and LPS, respectively. Gene

ontology classification revealed that DEGs are involved in several biological processes

including those belonging to immune response and lipid metabolism pathways.

Functionally annotated genes were organized into two groups for downstream analysis:

immune response related genes (cytokines, chemokines, complement factors, adhesion

molecules, and signal transduction), and genes involved with metabolic and endocrine

functions (hormones and receptors, growth factors, and lipid biosynthesis). Differential

expression analysis revealed that EGR1, NOTCH1, NOS2, TNFAIP3, TRAF3IP1, INSR,

CXCR4, PPARA, MAPK10, and C3 are the top 10 commonly altered genes of TLRs

induced transcriptional modification of pMA. However, the protein-protein interaction

network of DEGs identified EPOR, C3, STAR, CCL2, and SAA2 as the major hub

genes, which were also exhibited higher centrality estimates in the Gene-Transcription

factor interaction network. Our results provide new insights of transcriptome
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modifications associated with TLRs activation in porcine adipocytes and identified key

regulatory genes that could be used as biomarkers for the evaluation of treatments having

immunomodularoty and/or metabolic functional beneficial effects in porcine adipocytes.

Keywords: transcriptome, adipocytes, microarray, TLRs (Toll-like receptors), immunometabolism, pig

INTRODUCTION

The innate immune system recognizes infectious microbial
pathogens through germ line-encoded patterns recognition
receptors (PRRs), such as Toll-like receptors (TLRs), and
nucleotide-binding oligomerization domain (NOD)-like
receptors (1). These receptors interact with the evolutionarily
conserved microbial structures known as microbial associated
molecular patterns (MAMPs), including lipopolysaccharides
(LPS), lipoteichoic acids (LTA), peptidoglycan (PGN), and
double stranded viral RNA, which are essential for the survival
of microorganisms (2). In addition, PRRs also recognize
endogenous damage-associated molecular patterns (DAMPs)
derived from dead cells or injury (3), such as free fatty acids,
cholesterol, high glucose concentration, ceramides, and urate
crystals (4). Although low levels of DAMPs are beneficial
during tissue repair, excessive amounts induce chronic low-
grade inflammation in various tissue including adipose tissues.
Deregulated inflammation in the adipose tissue is involved in the
development metabolic disorders like obesity, atherosclerosis,
and type-2 diabetes mellitus (5). Therefore, elucidation of the
cellular transcriptome modifications in adipocytes associated
with the activation of their PRRs is of great importance to
understand in more depth the physiopathological mechanisms
involved in the metabolic diseases with an inflammatory
component and to propose alternatives to prevent them.

TLRs are an important family of PRRs with capacity to
sense several types of MAMPs and thereby trigger inflammatory
responses (6). Depending on the cellular localization TLRs can
be categorized into two subgroups: trans-membrane (such as
TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11) and intracellular
(such as TLR3, TLR7, TLR8, and TLR9) receptors (6, 7). Early
in the immune response TLR ligation induces gene transcription
leading to inflammation, tissue repair and initiation of adaptive
immunity (6, 8, 9). Previous studies reported that Pam3csk4
is recognized at the cell membrane by TLR1/2 as a mimic
of bacterial lipopeptides (10). Poly(I:C), a synthetic double-
stranded RNA is recognized in the endosome by TLR3 (11),
while LPS is recognized by TLR4 sequentially at the cell
membrane and endosome (8, 12). Upon binding to respective
ligands, TLRs recruit a set of specific adapter molecules
such as myeloid differentiation primary response gene 88
(MyD88), Toll/interleukin-1 receptor (TIR) domain-containing
adapter protein (TIRAP), TIR-domain-containing adapter-
inducing interferon-β (TRIF), or TRIF-related adapter molecule
(TRAM) to initiate the downstream signal transductions that
lead to the activation of different transcriptional factor such as
nuclear factor-kappa B (NF-kB), activator protein-1 (AP-1), and
interferon regulatory factor (IRF) (2, 6). The transcription factors
specifically signal the cells to secrete proinflammatory cytokines

and chemokines, type-I interferon, and antimicrobial peptides
(6), which coordinately induce inflammatory responses.

The adipose tissue is a highly active organ capable of
integrating metabolic, endocrine, and immune functions into a
single entity that plays a crucial part on systemic homeostasis
(4, 13). In addition to its role as an endocrine gland with
pleotropic function in the metabolism (14), adipose tissue is
increasingly becoming recognized as part of the innate immune
system (15, 16). Adipose tissue contains several distinct groups
of cells including mature adipocytes, pre-adipocytes, fibroblasts,
M1/M2 macrophages; neutrophils, dendritic cells, eosinophils,
and endothelial cells (17). Pre-adipocytes have the ability to
differentiate into mature adipocyte according to the energy
balance (17, 18). Morphologically, adipocytes are spherical cells
with a single large lipid droplet formed by triglycerides that
account >90% of the cell’s volume (19). Mature adipocytes are
functionally the most important cell type in adipose tissue and
play roles in storing triglycerides and systemic energy balance
(20), as well as in antigen presentation (21). Upon stimulation
by MAMPs and/or DAMPs, mature adipocytes secret a wide
variety of cytokines and other mediators, which are able to
contribute to the generation of both local and systemic immune
responses (13, 22).

Different transcriptomic analytic approaches have been
employed to identify key regulatory genes in response to multi-
TLR activation in white blood cells (23) and macrophages
(24). Transcriptomic studies aimed to elucidate the gene
expression changes after in vitro stimulation with different
MAMPs have been also performed in human adipocytes
(15, 25). However, there is no detailed information on
immunotranscriptomic responses following TLRs activation in
the porcine adipocytes. Pigs are considered as one of the
closest approximate animal models for studying human diseases
because of their anatomical, physiological and immunological
similarities with humans (26). By using a porcine intramuscular
pre-adipocyte (PIP) cell line originally established by our group
(27), we recently demonstrated that nine TLRs (TLR 1-9) are
expressed in PIP and differentiated porcine mature adipocytes
(pMA) (28). Importantly, TLR2 and TLR4 showed significantly
higher expression in pMA as compared to PIP while TLR3
showed higher expression in PIP than that of pMA (28). We
therefore, aimed herein to characterize the global transcriptome
modifications downstream of TLR2, TLR3, and TLR4 activation
in pMA. We obtained a global overview of the modulation of
the transcriptomic response in pMA and its association with
immune, metabolic and endocrine responses. Results of the
present study indicated that several immune genes including
EGR1, NOTCH1, NOS2, TNFAIP3, TRAF3IP1, INSR, CXCR4,
PPARA, MAPK10, and C3 were differentially modulated in pMA
cells after TLR ligation. Our results provide new insights of
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transcriptome modifications associated with TLRs activation in
porcine adipocytes and indicate that pMA cells are an interesting
tool to study in vitro the immune responses triggered by TLR2,
TLR3, or TLR4 in this cell population.

MATERIALS AND METHODS

Cell Line, Culture Condition, and
Differentiation
Porcine intramuscular pre-adipocyte (PIP) cell line was
previously established by our group (27), which was derived
from marbling muscle tissue of the musculus longissimus
thoracis from female Duroc pig. Culture conditions for inducing
adipogenesis were performed according to our previous work
(28), In brief, PIP cells (between the 26th and 35th passages)
were maintained in Dulbecco’s modified Eagle medium (DMEM;
GibcoTM, Paisley, Scotland, UK) supplemented with 10% (v/v)
fetal calf serum (FCS; Sigma-Aldrich, Tokyo, Japan), 100 U/ml
penicillin and 100µg/ml streptomycin (GibcoTM 15140122, Life
Technologies) as a growth medium. The PIP cells were plated
at density of 2.5 × 104/cm2 in 6-well cell culture plates (BD
Falcon, Tokyo, Japan), and incubated at 37◦C in a humidified
atmosphere of 5% CO2. The 4-day post-confluent PIP cells were
fed with differentiation medium for another 4 days to yield the
differentiated adipocyte. The differentiation medium composed
with DMEM containing 10% FCS and 50 ng/ml insulin (swine,
Sigma-Aldrich, Tokyo, Japan), 0.25µM dexamethasone (Sigma-
Aldrich), 2mM octanoate (Wako, Osaka, Japan), 200µM oleate
(Ardorich, Milwaukee, WI, USA), 100 U/ml penicillin, and
100µg/ml streptomycin. The medium was changed every day.
The differentiation of PIP into functionally matured porcine
mature adipocyte (pMA) was confirmed by detecting the
presence of intracellular lipid droplets with Oil red O staining
according to our previous publication (28). Briefly, cells were
rinsed three times in Dulbecco’s Phosphate-Buffered Saline and
then fixed in 10% (v/v) formaldehyde for 30min. Subsequently,
the fixed cells were rapidly rinsed with MiliQ water. Finally, 0.5%
Oil red O (Sigma-Aldrich, Tokyo, Japan) in isopropanol was
added to the cells for 5min to visualize lipid droplets stained
red. The cytosolic triglyceride content was analyzed using
LabAssayTM triglyceride kit (FUJIFILM Wako Chemicals USA,
Corp.) according to the manufacturer’s protocol. In addition,
qRT-PCR-based (method followed as described later in this
section) expression of specific marker genes were also evaluated
for adipocyte maturation.

Stimulation to Porcine Mature Adipocyte
(pMA) by TLR Ligands
Synthetic analogs for three Toll-like receptors: TLR2, TLR4
and TLR3; were used to mimic the inflammatory response
induced by gram positive bacteria, gram negative bacteria, and
by virus infection, respectively. Pam3csk4, Poly(I:C), and LPS
were used as ligands for TLR2, TLR3, and TLR4, respectively.
For optimizing the dose of ligands, we first stimulated pMA cells
(2.5× 104/cm2) with serial dilutions of each ligand and evaluated
CCL2 expression. The optimal doses were selected according to

their ability to increase CCL2 expression at least five-folds as
compared to that of control (data not shown). The pMA cells
were seeded at density of 2.5 × 104/cm2 in 6 well or 12 well
plates (BD Falcon, Tokyo, Japan). The 4-day post-confluent pMA
cells were stimulated either with Pam3csk4 (10 ng/ml), Poly(I:C)
(0.1µg/ml), or LPS (0.1µg/ml) at 37◦C with 5% CO2 for 12 h.

RNA Isolation and Quality Control
Total RNAwas isolated from the ligand-treated and control pMA
cells using PureLink RNA Mini Kit (Life Technology Inc., USA)
along with on-column DNase treatment. RNA integrity, quality
and quantity were evaluated with microcapillary electrophoresis
(2100 Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA)
using the Agilent RNA 6000 Nano kit (Agilent Technologies,
Santa Clara, CA, USA). Only samples with RNA integrity number
(RIN) of >8 were used for this gene expression study.

Microarray Hybridization
The microarray hybridization was performed with Porcine Gene
Expression Microarray 4 × 44K oligonucleotide slide (v2.0,
Agilent Technologies, Santa Clara, CA, USA) containing 43,803
probes for the identification of known genes of the porcine
transcriptome. The microarray experiment was conducted at
Hokkaido System Science Co., according to the one-color
Microarray-based Gene Expression Analysis protocol v6.7
(Agilent Technologies, Santa Clara, CA, USA). For each samples,
200 ng of total RNA was converted into cDNA by reverse
transcription. The cDNA was subsequently transcribed into
cRNA and labeled with cyanine 3 (Cy3). About 1.65 µg of labeled
cRNA was mixed with hybridization buffer and hybridized on
microarray slide (4 samples in each slide) for 17 h at 65◦C with
constant rotation. After hybridization, microarrays were cleaned
with Gene Expression wash buffer and scanned with High-
Resolution Microarray Scanner (Agilent Technologies, Santa
Clara, CA, USA). The Feature Extraction software (v10.7.3.1,
Agilent Technologies, Santa Clara, CA, USA) was used for
detailed analysis of scanned images including filtering the
outlier spots, background subtraction from features and dye
normalization. The spot intensity data for individual sample were
extracted for statistical analysis.

Statistical Analysis of Microarray Data
The normalization and differential expression analysis of
microarray data were performed with GeneSpring GX software
(v13.1, Agilent Technologies, USA). The log2 transformed
expression values of probes were normalized based on 75
percentile shifts. In order to determine the TLR-ligand induced
differential expression of genes, an unpaired t-test was performed
between untreated control and TLR-ligand stimulated samples.
The pairwise comparisons were performed between control
and each of the three TLR-ligand stimulations to detect the
differentially expressed genes. Benjamini and Hochberg (B-H)
adjustment method was applied for multiple test correction.
Significant differentially expressed genes were selected on the
basis of two criteria: an adjusted p-value (FDR, false discover rate)
of <0.05, and a cutoff in fold change of at least 1.5. The human
orthologs gene symbols of DEGs were determined using dbOrtho
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panel of the bioDBnet tool (29) which were used for downstream
functional analyses.

Gene Ontology (GO) and Pathway Analyses
For biological interpretation of differential gene expressions,
GO enrichment and pathway analysis was performed using
the Database for Annotation, Visualization, and Integrated
Discovery (DAVID, v6.8) (30). Human orthologous symbols
of DEGs were uploaded to the DAVID web portal and the
official gene symbol was chosen as identifier. Then enriched
biological themes, particularly GO terms and KEGG pathways
were extracted. In the analysis, GO terms and KEGG pathways
with an FDR-adjusted p < 0.05 were retained.

Network Enrichment Analyses
In order to visualize TLR ligands-induced transcriptional
network as well as to identify the regulatory genes, the
sub-network enrichment analysis was performed using
NetworkAnalyst online tool (31). This tool uses the InnateDB
protein-protein interaction datasets comprised of 14,755 proteins
and 145,955 literature-curated interactions for human (32).
Human orthologous gene symbols of the common DEGs from
all three stimulation were uploaded into the NetworkAnalyst to
construct the interaction network based on Walktrap algorithm
taking only direct interaction of seed genes. The network was
depicted as nodes (circles representing genes) connected by
edges (lines representing direct molecular interactions). Two
topological measures such as degree (number of connections
to the other nodes) and betweenness (number of shortest paths
going through the nodes) centrality were taken into account for
detecting highly interconnected genes (Hubs) of the network.
Nodes having higher degree and betweenness were considered
as potentially important hubs in the cellular signal trafficking.
In addition, a gene regulatory network focusing the adipose
tissue specific gene-transcription factor (Gene-TF) interaction
network was also constructed using the NetworkAnalyst tool
(31). For constructing the Gene-TF network, transcription factor
and gene target data derived from the ENCODE ChIP-seq data
were used. Only peak intensity signal <500 and the predicted
regulatory potential score <1 were included based on BETA
Minus algorithm (33).

Validation of Microarray Expression
by qRT-PCR
Two-step real-time PCR (qRT-PCR) was performed to confirm
the microarray results by quantifying expression of selected
mRNAs in pMA. Primer sequences are presented in Table 1.
Total RNA was isolated from each sample using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) followed by treated with
gDNA Wipeout Buffer (Qiagen, Tokyo, Japan). All cDNAs
were synthesized using the Quantitect reverse transcription
Kit (Qiagen, Tokyo, Japan) according to the manufacturer’s
recommendations. The qRT-PCR was performed using 7300
real-time PCR system (Applied Biosystems, Warrington, UK)
using the TaqMan R© gene expression assay kit (Life Technologies)
and TaqMan R© Universal Master Mix II, with UNG (Applied
Biosystems, Warrington, UK). The PCR cycling conditions were
2min at 50◦C, followed by 10min at 95◦C, and then 40 cycles

of 15 s at 95◦C, 1min at 60◦C. The reaction mixtures contained
2.5 µl of sample cDNA, 1 µl gene expression assay and 10
µl TaqMan R© Universal Master mix II, with UNG, and 6.5
µl distilled water. According to the minimum information
for publication of quantitative real-time PCR experiments
guidelines, Beta actin (ACTB) was used as a house-keeping gene
because of its high stability across various porcine tissues (34,
35). Relative index was calculated as the ratio of target mRNA
expression to ACTB. Then, raw data were transferred from the
mean Ct values of replicated samples to copy number of the
established standard curve.

Statistical Analysis of qRT-PCR Data
The raw data were log-transformed followed by checking the
normality by Kolmogorov-Smirnov test. Comparisons between
mean values were carried out using one-way ANOVA and
Fisher’s least significant difference test. For every cases, p < 0.05
was considered significant. The Pearson’s correlation coefficient
between the expression values obtained microarray and qRT-
PCR were calculated to explore the linear relationship between
the microarray and qRT-PCR results.

RESULTS

Differentiation of Adipocytes From PIP
Differentiation of functionally matured adipocytes from pre-
adipocytes is an essential biological process. In order to obtain
porcine mature adipocytes (pMA), we cultured the porcine
intramuscular pre-adipocyte (PIP) cells (25) supplemented with
differentiation medium for 4 days. The maturation of adipocytes
was confirmed by the detection of lipid droplets in cell cytoplasm
under microscopy using Oil red O staining as well as triglyceride
assay. The PIP cells at the day of seedling showed no lipid droplets
(Figure 1A). Following 1 day of culture, some cells started to
exhibit flattened cellular morphology (Figure 1B). Finally, after
4 days of culture more than 95% of the PIP cells exhibited more
lipid droplets indicated their differentiation into fully mature
adipocytes (Figure 1C). A significant (p < 0.05) increased lipid
accumulation within the cells indicated their maturation into
adipocytes (Figure 1D).

In order to further confirm the adipocyte maturation,
we quantified the expressions of some differentiation
marker genes using qRT-PCR (Figure 2). The expression
of peroxisome proliferator-activated receptor γ (PPARγ)
and insulin receptor (INSR) were significantly increased
in PIP after 4 days of culture with differentiation medium
while cytochrome P540 receptor 3A (CYP3A46) and free
fatty acid receptor 2 (FFAR2) were down regulated. The
glutamine fructose-6-phosphate transaminase 1 (GFPT1)
showed a decreasing trend but activin receptor type 1B
(ACVR1B) and PPARα showed an increasing trend of
expression (Figure 2).

Differentially Expressed Transcripts in pMA
After TLRs Activation
Stimulation of pMA with TLRs induced changes in a total
of 1,575 genes. Among them, 702 (44.57%) and 873 (55.43%)
genes were up- and down-regulated, respectively (Table 2). The
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TABLE 1 | Sequences of the primers used for qRT-PCR study.

Gene symbol Primer sequence (3′-5′) Size (bp) Accession no

ACTB F: CAT CAC CAT CGG CAA CGA 144 XM_003124280.5

R: GCG TAG AGG TCC TTC CTG ATG T

INSR F: AGA GCG GAT CGA GTT TCT CA 245 XM_021083943.1

R: CCA TCC CAT CAG CAA TCT CT

PPARγ F: ACA CCG AGA TGC CGT T 56 XM_005669788.3

R: CGA CAG GTC CAC AGA G

PPARA F: CGA CCT GGA AAG CCC GTT AT

R: GGA TCC ATC TGA TCC CGG AC

148 NM_001044526.1

ACVR1B F: CAT CGA GGG GAT GAT CAA GT 211 NM_001195322.1

R: GGC AAT GTC AAT GGT GTC AG

CYP3A46 F: ACA GCA TTT GGA GTG AAC GTC 250 NM_001134824.1

R: CCA CTC GGT GCT TTT GTG TAT

GFPT1 F: ATG CTC TTC AGC AGG TGG TT 232 XM_005662490.3

R: TCT ACG GTT ACC GAT TTG GC

FFAR2 F: TCA TGG GTT TCG GCT TCT AC 191 XM_021093196.1

R: AAC GAT GAA CAC GAC AGT GC

TLR2 F: ACA TGA AGA TGA TGT GGG CC 109 XM_005653577.3

R: TAG GAG TCC TGC TCA CTG TA

TLR3 F: TAG AGA CAT GGA TTG CTC CC 435 NM_001097444.1

R: AAC TTC TGG AAT GCA GGT CC

TLR4 F: CTC TGC CTT CAC TAC AGA GA 322 NM_001293316.1

R: CTG AGT CGT CTC CAG AAG AT

EPCAM F: GCG ATA GCG ATT GTT GCT GG 106 NM_214419.1

R: CCC TAT GCA TCT CGC CCA TC

SELL F: GTG ATG CAG GGT ACT ACG GG 108 NM_001112678.1

R: AGA ACT TGC CCA AAG GGT GA

SAA2 F: AGA GCC TAC TCG GAC ATG AGA GA 65 NM_001044552.1

R: CCC CGG GCA TGG AAG TAC

CCL5 F: CCA GCA GCA AGT GCT CCA T 60 NM_001129946.1

R: ACA CCT GGC GGT TCT TTC TG

CXCL2 F: CCG GGA CCC CAC TGT GA 62 NM_001001861.2

R: CAAACTTCCTGACCATTCTTGAGA

CFB F: CCT CGG GCT CCA TGA ATA TC 56 NM_001101824.1

R: TGC CCC AAT GCT GTC TGA T

C3 F: CCA ACA GGG AGT GCA ACG A 70 NM_214009.1

R: TGA CTC CGT GTC TGG GAC TTG

CSF1 F: CCA ACA GGG AGT GCA ACG A 147 NM_001244523.1

R: TGA CTC CGT GTC TGG GAC TTG

TGFB3 F: TTG CTA AAT GCT CCA GCC AG 90 NM_214198.1

R: GCC TCC GCC TGT AGA ACA AG

TNFAIP3 F: CCC TGG GGC ATT ATG GGT TT 60 NM_001267890.1

R: CCT CAC ACG TTG TAG CAC CT

CCL2 F: CCT CCC TGG AAA GCC AGA A 58 NM_214214.1

R: GTG CCA CAA GCT TCC TCA CTT

TNFα F: CGA CTC AGT GCC GAG ATC AA 58 JF831365.1

R: CCT GCC CAG ATT CAA AG

IL8 F: GCT CTC TGT GAG GCT GCA GTT 62 NM_213867.1

R: TTT ATG CAC TGG CAT CGA AGT T

IL6 F: TGG ATA AGC TGC AGT CAC AG 109 NM_214399.1

R: ATT ATC CGA ATG GCC CTC AG

IL1α F: AGA ATC TCA GAA ACC CGA CTG TTT 62 NM_214029.1

R: TTC AGC AAC ACG GGT TCG T

IL1β F: GCC CTG TAC CCC AAC TGG TA 61 NM_001302388.2

R: CCA GGA AGA CGG GCT TTT G

F, Forward; R, Reverse; bp, base pair.
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FIGURE 1 | Differentiation of mature porcine adipocytes (pMA) from porcine intramuscular pre-adipocyte (PIP). Oil-red O stained images display the cellular

morphology at day 0 (A), day 1 (B), and day 4 (C) of culture of PIP cells with differentiation media. Fat accumulation was determined by triglyceride assay (D). Data

(Mean ± SD) presented are the average of 3 independent experiments performed in triplicates.

FIGURE 2 | Expression profiles of marker genes for adipocyte differentiation in porcine intramuscular pre-adipocyte (PIP) and porcine mature adipocytes (pMA). The

asterisk (*) indicates Statistical differences with significant levels of P < 0.05. Data (Mean ± SD) presented are the average of 3 independent experiments performed in

triplicates.

TLR2 ligand Pam3csk4 differentially regulated 530 transcripts
in pMA, being 218 and 312 transcripts up- and down-
regulated, respectively. After TLR3 stimulation 245 transcripts
were up-regulated while 275 transcripts were down-regulated in

pMA. In addition, stimulation of pMAwith LPS up-regulated 239
transcripts and down-regulated 286 transcripts (Table 2). The
list of significantly (adjusted p<0.05) up-regulated and down-
regulated genes are presented in Supplementary Tables S1–S3.
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FIGURE 3 | Distribution of number of differentially regulated genes in mature porcine adipocytes (pMA) among intersections of three contrast pairs of ligand

stimulation. (A) Chord diagram showing the proportion of transcripts shared among stimulants. (B) The number of up regulated transcripts after each stimulant and

their intersections. (C) The number of down regulated transcripts after each stimulant and their intersections.

TABLE 2 | Number of differentially regulated genes in the porcine intramuscular

adipocytes after Pam3csk4, Poly(I:C) and LPS stimulation.

Pam3csk4

vs. control

Poly(I:C)

vs. control

LPS

vs. control

Up 218 245 239

Down 312 275 286

Total 530 520 525

Intersections of TLR Ligand-Induced
Differentially Regulated Transcripts
The lists of differentially regulated transcripts obtained
from three pairwise contrasts were overlapped to assess the
cross-talk among the three TLR ligands. We observed that
there were 195 differentially expressed transcripts shared
by the three stimulations. Among them, 40 were up- and
155 were down-regulated transcripts (Figure 3). A total
of 251 differentially expressed transcripts were common
between TLR2 and TLR3 stimulation, 57 and 194 were
up- and down-regulated, respectively. In addition, 280
differentially expressed transcripts were common between
TLR3 and TLR4 stimulation. A total of 258 transcripts were
shared by pMA stimulated with TLR2 or TLR4. Among
them, 62 were up- and 196 were down-regulated transcripts
(Figure 3).

Gene Ontology Classification
In order to characterize the biological implications of the
differentially expressed genes in pMA after TLRs stimulations,
we performed the GO and pathway enrichment analysis
using DAVID online tool. Based on the ascending order of
adjusted p-value, the top 15 GO biological process significantly
enriched with the differentially expressed genes following

Pam3csk4, Poly(I:C), and LPS stimulation are presented in
Figure 4. There were some common GO terms enriched
following each of the three TLR treatments including
immune response (GO: 0006955), inflammatory responses
(GO: 0006954), oxidation-reduction process (GO: 0055114),
chemokine-mediated signaling (GO: 0070098), and positive
regulation of ERK1 and ERK2 cascade (GO: 0070374). Cell
adhesion (GO: 0007155), chemotaxis (GO: 0006935), and
insulin secretion (GO: 0030073) were commonly enriched
GO biological process between Poly(I:C) and LPS stimulation,
while enrichment of calcium ion transport (GO: 0006816)
was shared between Pam3csk4 and Poly(I:C) stimulation.
The full list of enriched GO and pathways are presented in
Supplementary Table S4.

Transcript Abundances Associated With
Immune Response Function
The expression patterns of differentially modulated immune
related genes in pMA following TLR activation are presented
in Figure 5. The mRNAs of cytokine and cytokine receptors
including IL1β, IL1α, IL13RA2, IL1RAPL1, IL9, IL10, IL15,
IL6R, IL12B, IL18A, IL20RB, IL23R, IFNB1, and IFN-omega5
showed differential expression. The expression of chemokine
and chemokine receptors including CCL2, CCL20, CCL8, IL8,
CX3CR1, CXCL9, CSF3, CXCL12, CXCR4, CCL5, CCL3L1,
CCR1, CCR7, CXCR6, CCR9, and CXCL1 were differentially
regulated. The expression of complement factors including
C3, CFB, CFH, F9, and THBD; and adhesion molecules
including EPCAM, ITGA2, SELE, SELL, and MCAM were
differentially modulated following TLR activation in pMA. The
signal transduction molecules including TNFAIP3, TNFSF4,
TRAF3IP1, MAPK, NOTCH1, NF-kB, NKAPL, MALL, and
CRABP1 showed differential expression in pMA after 12 h of TLR
activation (Figure 5).
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FIGURE 4 | Enrichment of GO terms by differentially expressed genes in porcine mature adipocyes (pMA) after stimulation with (A) Pam3csk4, (B) Poly(I:C), and (C)

LPS. GO terms shown were passed the statistical significance threshold (p < 0.05).

Transcripts Abundance Associated With
Metabolic and Endocrine Functions
Differentially regulated transcripts encoded for proteins involved
in metabolism and endocrine functions are summarized in
Figure 6. Among them, genes involved in lipid metabolism
included FFAR2, APOB, APOM, ADIPOQ, CYP8B1, CYP2C49,
CYP2025, STAR, CYP21A2, ACACB, AKR1C1, CYP4A24,
CYP2B22, FFAR1, PPARA, CYP27B1, CYP3A46, CYP2A19,
CYP4F2, and CYP19A3. The mRNAs for hormones and receptor
including ADRA1B, ADRA2B, ADRA1D, CCK, CHRM2,
CHRNB2, DRD1, EPOR, ESRRB, GHRH, HTR1F, HTR2C,
INSR, IRS1, P2RY1, P2Y12R, PC2, PRLR, and PTH1R showed
differential expressions in pMA after TLR activation. In addition,
TLR activation resulted in a differential expression of some
growth factors including EGF, EGR1, EGR3, EGFR4, EGF17,
EGF23, KLF1, SCG5, RETN, ITLN2, and GHSR in the porcine
adipocytes (Figure 6).

Gene Expression Measured by qRT-PCR
In order to confirm the microarray expression results, we
quantified mRNAs of several differentially expressed genes as
well as some other genes which are known to be involved
in immune and metabolic functions by using qRT-PCR. The
Pearson’s correlation coefficient (r= 0.9064, p< 0.001) indicated
that microarray expression results were strongly correlated with
that obtained from qRT-PCR (Figure 7A). Among the genes
quantified by qRT-PCR, SAA2 was significantly up regulated
and EPCAM was down regulated after all the ligand stimulation
(Figure 7B). The expression of SELL, PPARA, INSR, and
ADIPOQ were up regulated after both Pam3csk4 and Poly(I:C)
stimulation but down regulated after LPS stimulation. GLP2R
expression was increased after Pam3csk4 and LPS stimulation but
CCL5was increased only after Poly(I:C) stimulation (Figure 7B).
Among the immune response related genes, up regulation of
CXCL2, C3, CSF1, TNFAIP3, CCL2, TNFα, IFNβ, IL8, IL6,
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FIGURE 5 | Heatmap showing the expression patterns of different groups of immune related genes measured by microarray in mature porcine adipocytes (pMA)

stimulated with different TLRs ligands. Groups of genes include cytokines and cytokine receptors (A), chemokines and chemokine receptors (B), complement factors

(C), adhesion molecules (D), and signal transduction molecules (E).

and IL1α were noticed relatively more in case of Pam3csk4
and LPS stimulation than Poly(I:C) stimulation (Figure 7C).
The expression of CFB was increased after Pam3csk and
Poly(I:C) stimulation but decreased after LPS stimulation. IL1β
was increased after Poly(I:C) stimulation, but decreased after
Pam3csk4 and LPS stimulation. Expression of TGFB3 was
remained stable following all three stimulation (Figure 7C).

Protein-Protein Interaction (PPI) Network
The PPI network is a hierarchical structure, where the hubs
play a central role in directing cellular response to a given
stimulus. To identify the hub genes involved in the regulation
of transcriptome modification of pMA following TLRs ligation,
we have constructed and visualized the PPI network of
differentially expressed transcripts (Figure 8). The hub nodes of
the network were selected based on the values of two centrality
measures interpreted serially, first “degree” then “betweenness.”
Accordingly, RELA, HNF4A, SP1, EPOR, C3, STAR, CCL2, and
SAA2 were identified as major hub genes of the TLRs induced
transcriptional network in the pMA (Figure 8). Though RELA,
HNF4A, and SP1 were not differentially expressed in the TLR
ligand-treated pMAbut predicted to be involved in the regulation
of PPI-network. The centrality measures of the network
nodes/interactome are presented in Supplementary Table S5.

Gene-Centered Transcription
Factor Network
Transcription factors (TF) are potential regulators of differential
gene expression. We constructed a gene-TF interaction network
in order to explore the involvement of transcription factors

in TLR ligand-induced differential gene expression in porcine
adipocytes using NetworkAnalyst. Gene-TF network illustrated
that potential hub genes of PPI network also exhibited
higher centrality estimates in the Gene-TF interaction network
indicating their possible regulation by transcription factors. The
transcriptional factor binding site (TFBS) analysis revealed that
promoter regions of C3, TNFAIP3, CFB, CXCL2, STAR, ADIPOQ,
CYP8B1, SOD2, EPCAM, EPOR, SAA2, and CCR9 genes have
DNA-binding sites of transcription factors, which are likely
contributing pMA transcriptional modification (Figure 9). In
particular, TNFAIP3, CXCL2, STAR, and ADIPOQ are regulated
by NF-kB transcription factor. The network centrality measures
of potential genes are presented in Supplementary Table S6.

DISCUSSION

In recent years, it became clearer that along with the metabolic
and endocrine functions, the adipose tissue exerts multiple
roles in the generation and regulation of immune responses
(4, 13). In this work, we performed a microarray-based global
transcriptome profiling of pMA after in vitro stimulation with
TLR ligands in order to evaluate the immune and metabolic
responses of porcine adipocytes triggered by the activation of
these PRRs.

The differentiation and maturation of adipocytes is crucial
for their proper physiological functions and for the prevention
of metabolic disorders (36, 37). Apart from those in the main
subcutaneous and visceral fat depots, adipogenic differentiation
has also been described in other locations, including skin,
bone marrow, and skeletal muscle (36). A recent microarray
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FIGURE 6 | Heatmap showing the expressions of genes associated with

metabolism and endocrine functions measured by microarray in mature

porcine adipocytes (pMA) stimulated with different TLRs ligands. Groups of

genes include those related to lipid metabolism (A), hormones and receptors

(B), and growth factors (C).

study based on primary cells of intramuscular preadipocytes
obtained from Landrace pigs has reported gene expression
changes associated with adipocyte differentiation (38). Among
other genes, pattern recognition receptors were differentially
expressed when preadipocytes were compared with pMA (38),
which was in line with our previous findings (28). Then,
we focused our attention in pMA. Here, we confirmed the
differentiation of intramuscular preadipocytes cell line obtained
from Duroc pigs by the evaluation of fat accumulation, and
expression of several marker genes. Thus, adipocytes used for this
transcriptome analysis were functionally mature. In addition, in
our previous study we demonstrated that members of the TLR
family including TLR2, TLR3, and TLR4 focused in the present
study are expressed in pMA (28).

The TLR2 is activated by the lipopeptides/peptidoglycan
present in the cell wall of bacteria. It has been reported
that human and murine adipocytes express TLR2 (15, 25,
39). Stimulation of adipocytes from humans and mice with
the TLR1/2 ligand Pam3Csy or the TLR2/6 ligand MALP-
2 differentially modulated the release of the proinflammatory
factors including IL6, IL8, and CCL2 in those cells (15, 39),
whereas resistin was either not affected or even down regulated
by both ligands (15). The role of the adipose tissue in the
innate immune response induced by local or systemic infection
with Staphylococcus aureus has been studied in vivo in a rodent
model (40). The work reported that systemic bacterial infection

resulted in a shift from anti- to pro-inflammatory cytokines in
the adipose tissues transcriptome profile clearly demonstrating
the role of adipocytes in the development of immune response
(40). To the best of our knowledge, no transcriptional analysis
has been performed in porcine adipocytes in response to
TLR2 activation. Similar to human and murine adipocytes, we
observed that pMA stimulated with Pam3csk showed a major
transcriptome alteration, and that the differentially regulated
transcripts were known to be involved in the positive regulation
of inflammatory responses, including cytokines (IL1α, IL12B),
chemokines (CXCL1, CXCL2, CCL20, CSF3), and adhesion
molecules (SELL) (Figure 10). This result indicates the ability
of porcine adipocytes in participating in immune responses
triggered by TLR2 activation.

On the other hand, the LPS from gram-negative bacteria is
a well-known innate immune stimulant of TLR4 activation (6).
The responsiveness of human adipocytes to LPS stimulation has
been widely documented (15, 25); therefore, we speculated that
porcine adipocytes would also have the ability to response to
LPS in a similar way. LPS/TLR4 interaction induces signaling
pathways through the adaptor molecule MyD88, which results in
the activation of transcription factor such as NF-kB and AP-1 (6,
9, 41). MyD88 recruits different interleukin-1 receptor associated
kinase (IRAK) family proteins and TNF receptor-associated
factors 6 (TRAF6) (42). This complex activates TGF-activated
kinase 1 (TAK1), leading to activation of NF-kB and mitogen
activated protein kinases (MAPKs) (43), which in turn induce
the expression of factors participating in inflammatory responses.
In agreement, we observed that several signal transduction
molecules including members of TNF, MAPK, and NF-kB
pathways were found to be differentially expressed in pMA
following the activation of TLR4. Of note, pMA stimulated with
LPS showed an up-regulation of CXCL2 and CXCL9 that are
strongly chemotactic for lymphocytes. Similar to our results,
LPS up-regulated the expression of CCL2 and CCL8 in human
adipocytes (44), and CCL2 in mouse adipocytes (15). Of note,
although microarray results showed down-regulation of IL8 and
no effect on IL6 expression after LPS stimulation (Figure 5), we
checked the expression of both cytokines by qRT-PCR because of
their up-regulation is well-reported in LPS responses of human
(44), mouse (15), and pig (45) adipocytes. Although it was
statistically insignificant, but both IL6 and IL8 expression showed
an upward trend after LPS stimulation (Figure 7C). In addition,
an increase in the expression of IL18, which is a cytokine belongs
to the IL1 superfamily and has the ability to stimulate the
cellular immune response through the activation of natural killer
cells (NK) cells and T cells, was observed after TLR4 activation
in pMA (Figure 10). These results are in line with study of
Vielma et al. (46) who used fibroblast-derived adipocytes and
spleen lymphocytes in order to evaluate whether adipose cells
were able to modulate the function of immune cells. The work
demonstrated that adipocyte-conditioned medium was able to
activate spleen lymphocytes and stimulate their production of the
inflammatory cytokines IL6, IL9, IFNγ, and TNFα.

Interestingly, TLR3 activation in pMA also led to the
development of a complex transcriptomic response. TLR3
ligation lead to the activation of NF-kB and MAPKs to induce
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FIGURE 7 | Gene expression results obtained from qRT-PCR. The Pearson’s correlation coefficient between expression results obtained from microarray and qRT-PCR

(A). The expression profiles of metabolism (B) and immune response (C) related genes measured by qRT-PCR. Y-axis represents the fold expressions. The asterisk (*)

indicates Statistical differences with significant levels of p < 0.05. Data (Mean ± SE) presented are the average of 3 independent experiments performed in triplicates.

FIGURE 8 | Protein-protein interaction network of the common genes in

mature porcine adipocytes (pMA) stimulated with different TLRs ligands

obtained from NetworkAnalyst.

pro-inflammatory cytokines (43), and the phosphorylation and
activation of IRF3, leading to IFNγ (42) and type I interferons
(47) production. It was described that TLR3 is highly expressed

and functionally active in human (48) andmouse (49) adipocytes.
Stimulation of human and mouse adipocytes with Poly(I:C)
is able to induce the expression of pro-inflammatory factors
such as TNFα, IL6, IL8, and CCL2 as well as IFN-α/β
and multiple anti-viral proteins including 2

′
5
′
-oligoadenylate

synthetase and Mx GTPase 1 (48, 49), indicating that adipose
cells are able to trigger innate antiviral responses. Here, we
observed that TLR3 activation in pMA increased the expression
of several inflammatory genes (CCL2, CCL8, CCL5, CCL3L1,
IL1β, IL12B, and MCAM) that participate in the antiviral
inflammatory responses resembling human and mice adipocytes
(Figure 10). However, our transcriptomic analysis was no able
to detect increases in the expression of IFN-α/β or IFN-induced
antiviral genes. Deeper kinetic and dose-response studies are
necessary to establish whether this difference between porcine
and human/mice adipocytes are due to differences related to the
species or are an effect of the experimental conditions.

Activation of human adipocytes by multiple TLRs ligands
was reported to induce pro-inflammatory and pro-diabetic
responses through the phosphorylation of extracellular signal-
induced kinase and c-Jun N-terminal kinase pathways (25).
Human adipocytes have shown the ability to synthesize and
secrete complement factors, C1q/TNF-related proteins (CTRPs)
(15, 16), cytokines, chemokines, and pro- and anti-inflammatory
adipokines including resistin, visfatin, leptin, and adiponectin; as
well as antibacterial peptides such as lipocalin-2 and cathelicidin
in response to multiple TLRs ligands (25, 50). In addition,
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FIGURE 9 | Gene-transcription factor regulatory network for the common genes in mature porcine adipocytes (pMA) stimulated with different TLRs ligands obtained

from NetworkAnalyst.

FIGURE 10 | Most significantly altered genes after TLR2, 3 and 4 activation in porcine adipocytes. Genes presented in central circle are the common DEGs for all

three TLR activation while individual list close to each TLR are the unique DEGs for them. Red arrow indicates upregulation while green arrow indicates the

downregulation of corresponding genes.
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taking into consideration that in most cases microorganisms
carrymore than one TLR-ligand and that infections withmultiple
pathogens, such as virus-bacteria superinfections, have become
a common disease scenario; we focused in the transcripts
showing differential expression after the activation with the
three TLRs in pMA. These commonly differentially regulated
genes (Figure 10) are involved in two major biological functions:
inflammatory response and insulin mediated metabolism, in
agreement with previous reports that evaluated TLRs activation
in human adipocytes (15, 16, 25, 48). In fact, immune response,
cytokine-mediated signaling, inflammatory responses, oxidation-
reduction process, positive regulation of ERK1/ERK2 and
lipid metabolisms are commonly enriched GO terms in pMA
following TLR2, TLR3, or TLR4 activation.

Here we report that EGR1, NOTCH1, NOS2, TNFAIP3,
TRAF3IP1, INSR, CXCR4, PPARA, MAPK10, and C3 are the
top 10 (based on fold expression) commonly altered genes of
TLRs induced transcriptional modification in pMA (Figure 10).
It is well-known that TNFAIP3, CXCR4, MAPK4, MAPK10,
and IL8 among others are involved in the generation of innate
immune responses (2, 6, 8, 9). Other common DEGs like EGR1
and INSR are known to be involved in insulin and glucose
metabolism (35). PPARA and NOS2 participate in adipocyte
maturation (35, 37). However, the immune response and the lipid
metabolism are complex traits, not regulated only by a particular
gene but rather by networks of complex molecular interactions
(51). Therefore, network analysis based on larger immune-
specific and metabolic-specific gene databases is considered to
be more effective strategy for identification of regulatory genes
(31). The PPI network predicted RELA, HNF4A, SP1, EPOR,
C3, STAR, CCL2, and SAA2 as the major regulatory hub genes
of TLRs-induced transcriptional network in porcine adipocytes.
Interestingly, C3 is the hub gene that overlapped with top 10
common DEGs. The C3 is the central component of complement
system and plays a vital role in the innate immune response,
which was up-regulated in pMA stimulated with TLRs ligands. It
was reported that the agonists for TLR2, TLR4, and TLR9 are able
to activate the complement-TLR crosstalk, which signals through
MyD88 pathway and mediated inflammatory responses (52). We
also observed that the hub genes of PPI network also exhibited
higher centrality estimates in the gene-centered transcription
factor interaction network indicating their potential to regulate
the TLR-induced transcriptional modifications in the porcine
adipocytes. A long-term goal of our laboratory is to establish
an adipocyte-based in vitro evaluation system for the selection
of beneficial microbes able to differentially modulate immune
responses in the adipose tissue for their application in the
prevention of immunometabolic diseases in human and animals.
We have been successful in a similar approach before by
establishing a porcine intestinal epithelial (PIE) cells model
for the efficient selection of anti-diarrheal immunomodulatory
probiotic bacteria (53).

The physiological roles including metabolic and secretory
function of adipocytes are distinguished by their tissue origin,
appearance and location of the body (54, 55). The intramuscular
adipocytes play pivotal role in the control of systemic energy
balance (56) and immuno-metabolic homeostasis (57). However,
due to their particular location in close vicinity with muscle

fibers, the biology of intramuscular adipocytes may differ from
those originated from other location. Among the hub genes
identified in this study, EPOR, STAR, and SAA2 are known to be
involved in lipid metabolism. Serum amyloid A (SAA) including
SAA2, have been reported to function in metabolic homeostasis
and healthy adipose development through accompanying with
retinoic acid, a potential regulator of lipid metabolism (58). In
addition, though the lipolysis pathway was not induced after
TLRs ligation in intramuscular derived pMA, the intracellular
calcium homeostasis and positive regulation of insulin secretion
pathways were significantly enriched, which indicates that the
TLR-induced transcriptional modification is linked to metabolic
changes. These are in line with finding of Gardan et al. (55)
who reported that porcine intramuscular adipocytes display a
relatively lower lipogenic activity compared with adipocytes
isolated from subcutaneous or visceral adipose tissue. Besides the
subcutaneous and visceral fat depots, adipogenic differentiation
appears to be beneficial in the skin; however, adipogenesis in
the skeletal muscle is associated with pathology (36). Therefore,
the results obtained in this work indicate that pMA are a
useful tool for the in vitro study of the transcriptomic changes
associated not only with the innate immune response, but also
with inflammatory disorders linked to lipid metabolism and
hormones resulting from TLRs ligation in porcine adipocytes.

CONCLUSION

This study reported for the first time the global transcriptome
modifications in porcine adipocytes following activation of
TLR2, TLR3, or TLR4. We demonstrated that the activation of
TLRs in porcine mature adipocytes induced modifications of
transcripts involved not only in the immune response, but also
in cellular lipid metabolism. Sub-network enrichment analysis
suggested that EPOR, C3, STAR, CCL2, and SAA2 are the
major hub genes of TLRs-mediated transcriptional network
responses of porcine adipocytes. In addition, gene-transcription
factor interaction network analysis revealed the potentials
of hub genes to regulate the TLRs-induced transcriptional
modification. Therefore, we identified key regulatory genes that
could be used as candidates for the evaluation of immune-
modulators (e.g., immunomodulatory probiotic bacteria) having
functional beneficial effects (e.g., anti-inflammatory capacity) in
porcine adipocytes.
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Valeria Garcia-Castillo 1,2,3, Ryoya Komatsu 3,4, Patricia Clua 2, Yuhki Indo 3,4,

Michihiro Takagi 3,4, Susana Salva 2, Md. Aminul Islam 3,4,5†, Susana Alvarez 2,

Hideki Takahashi 6,7, Apolinaria Garcia-Cancino 1*, Haruki Kitazawa 3,4* and Julio Villena 2,4*

1 Laboratory of Bacterial Pathogenicity, Faculty of Biological Sciences, University of Concepcion, Concepcion, Chile,
2 Laboratory of Immunobiotechnology, Reference Centre for Lactobacilli (CERELA-CONICET), Tucuman, Argentina, 3 Food

and Feed Immunology Group, Laboratory of Animal Products Chemistry, Graduate School of Agricultural Science, Tohoku

University, Sendai, Japan, 4 Livestock Immunology Unit, International Education and Research Center for Food Agricultural

Immunology (CFAI), Graduate School of Agricultural Science, Tohoku University, Sendai, Japan, 5Department of Medicine,

Faculty of Veterinary Science, Bangladesh Agricultural University, Mymensingh, Bangladesh, 6 Laboratory of Plant Pathology,

Graduate School of Agricultural Science, Tohoku University, Sendai, Japan, 7 Plant Immunology Unit, International Education

and Research Center for Food Agricultural Immunology, Graduate School of Agricultural Science, Tohoku University,

Sendai, Japan

Lactobacillus fermentum UCO-979C, a strain isolated from a human stomach, was

previously characterized by its potential probiotic properties. The UCO-979C strain

displayed the ability to beneficially regulate the innate immune response triggered by

Helicobacter pylori infection in human gastric epithelial cells. In this work, we conducted

further in vitro studies in intestinal epithelial cells (IECs) and in vivo experiments in

mice in order to characterize the potential immunomodulatory effects of L. fermentum

UCO-979C on the intestinal mucosa. Results demonstrated that the UCO-979C strain

is capable to differentially modulate the immune response of IECs triggered by Toll-

like receptor 4 (TLR4) activation through the modulation of TLR negative regulators’

expression. In addition, we demonstrated for the first time that L. fermentum UCO-979C

is able to exert its immunomodulatory effect in the intestinal mucosa in vivo. The feeding

of mice with L. fermentum UCO-979C significantly increased the production of intestinal

IFN-γ, stimulated intestinal and peritoneal macrophages and increased the number of

Peyer’s patches CD4+ T cells. In addition, L. fermentumUCO-979C augmented intestinal

IL-6, reduced the number of immature B220+CD24high B cells from Peyer’s patches,

enhanced the number of mature B B220+CD24low cells, and significantly increased

intestinal IgA content. The results of this work revealed that L. fermentum UCO-979C

has several characteristics making it an excellent candidate for the development of

immunobiotic functional foods aimed to differentially regulate immune responses against

gastric and intestinal pathogens.
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INTRODUCTION

It is widely recognized that commensal microorganisms are
relevant for human and animals health, participating in several
important biological functions including nutrients digestion,
vitamins synthesis, and pathogens inhibition (1, 2). The
importance of beneficial microorganisms of the microbiota in
the maintenance of immune health was also demonstrated in a
convincing way (3, 4). Several effective tools have already been
developed in order to study and manipulate the microbiota,
improve their beneficial properties for the host, and protect
against immune-related diseases (5, 6). In this regard, the
development of immunomodulatory probiotic (immunobiotic)
interventions offers opportunities for the modulation of the
mucosal immune system toward long lasting health (7).

The beneficial role of immunobiotic lactic acid bacteria (LAB)
has been extensively reported, supporting their implementation
to improve some immunological functions in the host (8–
10). The beneficial effect of immunobiotics on the immune
system occurs through direct and indirect interactions of
bacteria with immune and non-immune cells (11–14), leading
to cells’ activation and proliferation, cytokines production, IgA
secretion, antimicrobial peptides synthesis, and tight junctions
improvement (2, 11–14). Several research works including recent
transcriptomic analysis revealed that the immunomodulatory
effect of immunobiotics is a strain-specific characteristic (2, 12,
15), and therefore, each individual strain has to be studied in
detail in order to explore its immunomodulatory potential.

Immunobiotics has been proposed as an alternative to
prevent bacterial and viral infections in gastrointestinal
tract (10). Experimental models have demonstrated that
immunobiotics can attenuate the severity of infections caused by
several gastrointestinal pathogens including Helicobacter pylori,
Citrobacter rodentium, Listeria monocytogenes, and Salmonella
typhimurium (16). In this regard, it was reported that some
Lactobacillus strains are able to increase the resistance against
the gastric pathogenH. pylori. Among the mechanisms proposed
to explain the beneficial effects of probiotic lactobacilli are
the production of antimicrobial compounds, the inhibition
of pathogen’s adhesion and the modulation of the immune
system (17–19). We previously isolated Lactobacillus fermentum
UCO-979C from a human stomach sample and characterized
its potential probiotic properties (20, 21). We observed that
this strain is able to efficiently adhere to the gastric mucosa
as demonstrated by in vitro experiments in human gastric
adenocarcinoma cell-line (AGS cells) and in vivo studies in
Mongolian gerbils (21). L. fermentum UCO-979C also showed
the ability to strongly inhibit the adhesion, growth and urease
activity of H. pylori (21, 22). Moreover, we recently reported that
the UCO-979C strain beneficially modulates the innate immune
response triggered by H. pylori infection in human gastric
epithelial cells and macrophages (23). Our data showed reduced
levels of the pro-inflammatory factors IL-8, TNF-α, IL-1β, IL-6,
and MCP-1 expressions in L. fermentum UCO-979C-treated
AGS cells when compared to untreated infected controls. In
addition, improved production of the regulatory cytokine TGF-β
in response to H. pylori infection was detected in L. fermentum

UCO-979C-treated AGS cells (23). Interestingly, L. fermentum
UCO-979C was also capable of reducing the production of
TNF-α and improving IFN-γ and IL-10 levels in macrophages
challenged with H. pylori (23).

Taking into consideration the effect of L. fermentum UCO-
979C on the gastric immune response againstH. pylori infection,
we wonder whether this probiotic Lactobacillus strain is also able
to modulate immune responses in the intestinal tract. Therefore,
we conducted in vitro studies in intestinal epithelial cells (IECs)
and in vivo experiments in mice in order to characterize the
immunomodulatory effects of L. fermentum UCO-979C on the
intestinal mucosa.

MATERIALS AND METHODS

Microorganisms
Lactobacillus fermentum UCO-979C was obtained from
the Bacterial Pathogenicity Laboratory culture collection at
University of Concepción (Concepcion, Chile) (20, 21). L.
fermentum CRL973 was obtained from the CERELA culture
collection (Tucuman, Argentina). Lactobacilli strains were
activated from frozen stock and cultured in Mann-Rogosa
Sharpe Agar (MRS Difco) at 37◦C. After 24 h incubation, a single
colony was transferred to MRS broth (MRS Difco) and cultured
at 37◦C for 24 h. Then, bacterial cells were washed three times
with phosphate buffered saline (PBS) and adjusted to appropriate
concentrations for the in vitro and in vivo experiments.

Enterotoxigenic Escherichia coli (ETEC) strain 987P (O9: H-:
987 pilus+: heat stable toxin+) was obtained from the National
Institute of Animal Health (Tsukuba, Japan) (24–26). ETEC cells
were grown in blood agar (5% sheep blood) for 24 h at 37◦C
and transferred to tryptic soy broth (TSB; Becton, Dickinson
and Company, USA) and cultured 20 h at 37◦C with shaking.
After incubation, the subcultures of bacteria were centrifuged
at 5,000 × g for 10min at 4◦C and washed with PBS (pH 7.2).
Finally, ETEC cells were heat killed at 100◦C for 15min and
then washed with PBS. Heat-stable ETEC pathogen associated
molecular patterns (PAMPs) were suspended in DMEM for the
experimental challenge.

Sacharomyces boulardi was obtained from commercial
lyophilized preparation (Floratil—Argentina). The yeast
suspensions were prepared in PBS and heat inactivated during
15min in 100◦C water bath and adjusted to 107 cells/ml for ex
vivo phagocytosis assay.

Porcine Intestinal Epitheliocytes
Porcine intestinal epitheliocytes (PIE cells) are non-transformed
intestinal cultured cells derived from intestinal epithelia isolated
from an unsuckled neonatal swine. When PIE cells are cultured,
they assumed a monolayer, cobblestone, and epithelial-like
morphology, with close contact between cells (24). PIE cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen Corporation, Carlsbad, CA, USA) supplemented
with 10% fetal calf serum FCS (Hyclone, Logan, USA), 100mg/ml
penicillin, and 100 U/ml streptomycin at 37◦C in an atmosphere
of 5% CO2. PIE cells grow rapidly and are well adapted to culture
conditions even without transformation or immortalization.
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However, the proliferative ability of PIE cells diminishes after 50
passages in culture. Therefore, we used PIE cells only between
the 20th and 40th passages in these experiments (25, 26). Briefly,
PIE cells were cultured in 250ml flasks (1.0 × 106 cells) for 5
days after reaching 80–90% confluence, changing culture media
every 1–2 days, followed by subculturing in 24 well flasks for
immunostimulation assays as described below.

Immunomodulatory Assay in PIE Cells
Lactobacilli were re-suspended in DMEM (10% FCS),
enumerated in a microscope using a Petroff-Hausser counting
chamber, and stored at −80◦C until use. PIE cells were plated
at 3 × 104 cells/well of a 12-well type I collagen-coated plates
(Iwaki, Tokyo, Japan), and cultured for 3 days. After changing
medium, lactobacilli (5 × 108 cells/ml) were added followed by
stirring in microplate mixer and co- cultured for 48 h at 37◦C 5%
CO2 atmosphere. Then, each well was washed vigorously with
medium at least 3 times to eliminate bacteria. Gene expression of
cytokines, chemokines, complement, and coagulation factors as
well as negative regulators of TLR signaling were studied without
any inflammatory challenge (basal levels) or after heat-stable
ETEC PAMPs challenge (5 × 107 cells/ml) for 12 h (25) by using
RT-PCR as described below.

Quantitative Expression Analysis
by RT-PCR
Two-step real-time qPCR was performed to characterize the
expression of selected genes in PIE cells. Total RNA was isolated
from each PIE cell sample using TRIzol reagent (Invitrogen).
RNA purity and concentration were assessed using NanoDropTM

1,000 Spectophotometer. All cDNAs were synthesized using
the PrimeScript RT Reagent kit with the treatment of gDNA
eraser (Takara—Bio, Japan) according to the manufacturer’s
recommendations. Real-time quantitative PCR (qRT-PCR) was
carried out using a 7,300 real-time PCR system (Applied
Biosystems, Warrington, UK) and the Platinum SYBR green
qPCR SuperMix uracil-DNA glycosylase (UDG) with 6-carboxyl-
X-rhodamine (ROX) (Invitrogen). The primers used in this study
were described previously (25–27). The PCR cycling conditions
were 2min at 50◦C, followed by 5min at 95◦C, and then 40
cycles of 15 s at 95◦C, 30 s at 60◦C, and 30 s at 72◦C, followed
by a dissociation stage of 15 s at 95◦C, 1min at 60◦C, 15 s at
95◦C and 15 s at 60◦C. The reaction mixtures contained 2.5 µl
of cDNA and 7.5 µl of master mix, which included the sense
and antisense primers. According to the guidelines for minimum
information for publication of qRT-PCR experiments, β-actin
was used as a housekeeping gene, to normalize cDNA levels
for differences in total cDNA levels in the samples, because
of its high stability across porcine various tissues (28). The
relative index of a cytokine mRNA in PIE cells stimulated
with lactobacilli was calculated as follows: first, the average
cytokine expression levels from at least three samples challenged
with ETEC without prestimulation with lactobacilli were set to
100. Then, relative expressions of cytokines were calculated in
the samples prestimulated with lactobacilli followed by ETEC
challenge (25).

Animals and Feeding Procedures
Female 6–8 weeks old Balb/c mice were obtained from the
closed colony kept at CERELA (Tucuman, Argentina). They
were housed in plastic cages with controlled room temperature
(22 ± 2◦C temperature, 55 ± 2% humidity) and were fed
ad libitum conventional balanced diet. Animal welfare was
ensured by researchers and special trained staff in animal care
and handling at CERELA. Animal health and behavior were
monitored twice a day. This study was carried out in strict
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the Guidelines for Animal
Experimentation of CERELA. The CERELA Institutional Animal
Care and Use Committee prospectively approved this research
under the protocol BIOT-CRL-17.

Mice were housed individually during the experiments and
the assays for each parameter studied were performed in 5–
6 mice per group. L. fermentum UCO-979C or CRL973 were
administered to different groups of mice for 2 consecutive days
at a dose of 108 cells/mouse/day in the drinking water (4ml
per mice per day). Bacteria were prepared as described above,
suspended in 5ml of 10% skimmed milk and added to the
drinking water.

In some experiments, 1 day after at the end of the lactobacilli
treatments, mice were challenged with lipopolysaccharide (LPS)
to induce inflammation. Mice received 8 mg/kg of LPS from E.
coli O55:B5 by intraperitoneal injection.

Ex vivo Phagocytosis Assay
Peritoneal macrophages were collected aseptically from mice
as described previously (29, 30). Briefly, after exposing inner
skin, cold PBS containing 10% fetal bovine serum was carefully
injected into peritoneal cavity. The fluid was collected and
macrophages were washed twice with PBS containing bovine
serum albumin (BSA) and adjusted to a concentration of 1
× 106 cells/ml. Phagocytosis was performed using a heat-
killed S. boulardi. Mixtures of opsonized yeasts in mouse
autologous serum (10%) were added to 0.2ml of macrophage
suspension. The mixture was incubated for 30min at 37◦C. The
percentage of phagocytosis was expressed as the percentage of
phagocytizing macrophages in 200 cells counted using an optical
microscope (30, 31).

Nitro Blue Tetrazolium Test (NBT)
The bactericidal activity (oxidative burst) of peritoneal
macrophages was measured using the NBT reduction test
(Sigma-Aldrich, St. Louis, MO, USA) as previously described
(30). Briefly, 200 µl of peritoneal macrophages obtained as
described above were incubated with 120 µl of NBT reagent
and incubated first at 37◦C for 10min and then 10min at room
temperature. NBT was added to each sample and incubated at
37◦C for 20min. In the presence of oxidative metabolites, NBT
(yellow) is reduced to formazan, which forms a blue precipitate.
Smears were prepared and, after staining, the samples were
examined under a light microscope for blue precipitates.
Randomly, 100 cells were counted and the percentage of NBT
positive (+) cells were determined (30, 31).
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Cytokine Concentrations
The concentration of cytokines was determined in blood and
intestinal samples of UCO-979C-tretated and control mice.
Blood samples were obtained through cardiac puncture at the end
of each treatment and collected in heparinized tubes. Intestinal
fluid samples were obtained as the method described previously
(31). Briefly, the small intestine was flushed with 5ml of PBS
and the fluid was centrifuged (10,000 × g, 4◦C for 10min) to
separate particulate material. The supernatant was kept frozen
until use. Tumor necrosis factor α (TNF-α), interferon γ (IFN-γ),
and interleukin 10 (IL-10) concentrations in serum and intestinal
fluid, were measured with commercially available enzyme-linked
immunosorbent assay (ELISA) kits following the manufacturer’s
recommendations (R&D Systems, MN, USA).

Flow Cytometry
Peritoneal macrophages were collected as described above.
Peyer’s patches were collected and mechanically disaggregated. A
single-cell suspension from the Peyer’s patches of eachmouse was
obtained by gently passing the collected tissue through a tissue
strainer with PBS with 2% FCS (FACS buffer). Cell suspensions
were subjected to red blood cells lysis (Tris-ammonium chloride,
BD PharMingen) flowed by counting on a hemacytometer.
Viability of cells was assessed by trypan blue exclusion. Cell
suspensions were pre-incubated with anti-mouse CD32/CD16
monoclonal antibody (Fc block) for 30min at 4◦C. Cells were
incubated with the antibody mixes for 30min at 4◦C and washed
with FACS buffer. The following antibodies from BD Biosciences
were used: FITC-labeled anti-mouse MHC-II, FITC-labeled anti-
mouse CD86, PE-labeled anti-mouse CD11b, PE-labeled anti-
mouse F4/80, PE-labeled anti-mouse Ly6C, PE-labeled anti-
mouse CD24, biotinylated anti-mouse B220, FITC-labeled anti-
mouse CD3, PE-labeled anti-mouse CD8, and biotinylated
anti-mouse CD4 antibodies. Streptavidin-PerCP was used as a
second-step reagent. Flow cytometry was performed using a BD
FACSCaliburTM flow cytometer (BD Biosciences) and data were
analyzed using FlowJo software (TreeStar).

Statistical Analysis
Experiments were performed in triplicate and results expressed as
the mean ± SD. For the comparison of two groups, the Student’s
t-test was used. For the comparison of more than two groups, a
one-way analysis of variance (ANOVA) was performed followed
by and Tukey’s test. In all cases, a level of significance of p < 0.05
was considered.

RESULTS

L. fermentum UCO-979C Modifies
Cytokine Profile in PIE Cells
We first evaluated whether L. fermentum UCO-979C was able to
modify the cytokine expression profile of PIE cells by evaluating
the mRNA levels of IL-6, CXCL8 (IL-8), CXCL5 (AMCF-
II), CXCL9, CXCL10 (IP-10), CXCL11, and CCL8 (MCP1) as
shown in Figure 1. Then, in order to evaluate whether the
immunomodulatory effects of L. fermentum UCO-979C were a
strain specific property, we performed comparative experiments

with the strain of the same species L. fermentum CRL973.
Stimulation of PIE cells with the UCO-979C or CRL973 strains
increased the expression of IL-6 and CXCL9, respectively, while
no differences were found between controls and lactobacilli-
treated PIE cells when the other chemokines were analyzed.
The modulation of cytokines and chemokines was also studied
in the context of inflammation. For this purpose, PIE cells
were treated with lactobacilli and then challenged with heat-
stable ETEC PAMPs that are able to trigger Toll-like receptor
4 (TLR4) activation in this cell line (25, 26). Untreated PIE
cells challenged with ETEC were used as controls. Heat-
stable ETEC PAMPs significantly increased the expression of
all the inflammatory cytokines and chemokines in all the
experimental groups (Figure 1). However, the mRNA expression
levels of IL-6 and CCL8 were significantly higher in lactobacilli-
treated cells. In addition, expression of CXCL8, CXCL10, and
CXCL11 were lower in lactobacilli-treated PIE cells than in
controls. Interestingly, only L. fermentum CRL973 was able to
reduce CXCL5 expression (Figure 1). L. fermentum CRL973
increased CXCL9 expression after ETEC challenge while the
UCO-979C strain reduced the expression of this chemokine
(Figure 1). Our previous immunotranscriptomics studies in PIE
cells revealed that in addition to cytokines and chemokines,
immunomodulatory probiotic strains are able also to modulate
factors from the complement and coagulation systems (27).
Therefore, we evaluated the expressions of C1S, C1R, C3, CFB,
and F3 in PIE cells under inflammatory and non-inflammatory
conditions (Figure 2). No significant expression differences were
observed for these factors when control and lactobacilli-treated
PIE cells were compared. Challenge with heat-stable ETEC
PAMPs increased C1S, C1R, C3, CFB, and F3 expressions in all
the experimental groups. L. fermentum UCO-979C-treated PIE
cells had significantly lower levels of C1S and C3, and higher
levels of C1R and CFB expression as compared to controls. While
L. fermentum CRL973-treated PIE cells exhibited significantly
lower levels of C1S, C1R, and CFB than controls (Figure 2).
No significant differences were observed in F3 expression when
control and lactobacilli-treated PIE cells were compared.

L. fermentum UCO-979C Modifies Negative
Regulators of TLR4 Signaling in PIE Cells
We next evaluated whether L. fermentum UCO-979C was
able to modify the expression of negative regulators of TLR4
signaling in PIE cells (Figure 3). No significant differences were
observed in the expression of A20, Bcl3, MKP-1, and SIGIRR
when untreated control, and lactobacilli-treated PIE cells were
compared. Both, UCO-979C and CRL973 strains were able to
reduce the expression of Tollip in PIE cells, while L. fermentum
CRL973 increased IRAK-M expression. Challenge with heat-
stable ETEC PAMPs increased A20, Bcl3, MKP-1, IRAK-M, and
SIGIRR in all the experimental groups. L. fermentum UCO-
979C-treated PIE cells had significantly lower levels of MKP-
1 and Tollip, and higher levels of Bcl3 than controls, while L.
fermentum CRL973 showed significantly lower levels of A20 and
IRAK-M expressions than controls (Figure 3). Both lactobacilli
improved the expression of SIGIRR.
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FIGURE 1 | Effect of Lactobacillus fermentum UCO-979C and L. fermentum CRL973 on the expression of cytokines and chemokines in porcine intestinal epithelial

(PIE) cells. PIE cells were pre-treated with UCO-979C or CRL973 strains for 48 h and then stimulated with heat-stable Enterotoxigenic Escherichia coli (ETEC)

pathogen-associated molecular patterns (PAMPs). The expression of cytokines (IL-6) and chemokines (CXCL5, CXCL8, CXCL9, CXCL10, CXCL11, and CCL8) were

studied at 48 h after lactobacilli stimulation (basal) or at 12 h after heat-stable ETEC PAMPs challenge. The results represent three independent experiments. Results

are expressed as mean ± SD. Significantly different from control PIE cells at the same time point *(P < 0.05), **(P < 0.01).

L. fermentum UCO-979C Modulates
Intestinal Immunity in vivo
Taking into consideration that the capacity of increasing IgA
production in the gut, and stimulating macrophages and
dendritic cells are amongst the beneficial effects of lactobacilli
on the immune system (30, 32), we next aimed to evaluate in
vivo the ability of L. fermentum UCO-979C to modulate those
parameters. As shown in Figure 4, administration of the UCO-
979C strain significantly increased the phagocytic activity of
peritoneal macrophages while this effect was absent in the case
of CRL973 strain. In order to study the activation of respiratory
burst in peritoneal macrophages, we used the NBT method
as described previously (30). Both, UCO-979C and CRL973
treatments were equally effective for increasing the percentage of
NBT+ cells in the population of macrophages obtained from the
peritoneal cavity (Figure 4). In addition, mice orally treated with
the UCO-979C strain had significantly higher levels of intestinal
IgA antibodies than control animals while L. fermentum CRL973
did not induce significant changes (Figure 4). It has established
that the in vivo immunomodulatory abilities of probiotic bacteria
are in part attributable to altered production of cytokines that
play pivotal roles in coordinating the immune function. Then, we
analyzed the concentrations of cytokines in intestinal fluid and
serum obtained from lactobacilli-treated mice, to determine the
local and systemic effects induced by both L. fermentum strains
(Figure 5). No significant differences were observed between
lactobacilli-treated and control mice when intestinal and serum

TNF-α concentrations were analyzed. Intestinal IFN-γ protein
level was augmented by both L. fermentum UCO-979C and
CRL973 while no differences were observed for serum IFN-
γ between the groups. In addition, L. fermentum UCO-979C
significantly increased intestinal and serum IL-10 levels, an
effect that was not observed for the CRL973 strain (Figure 5).
We also evaluated the levels of these three cytokines: TNF-α,
IFN-γ, and IL-10, in mice after the intraperitoneal challenge
with LPS (Figure 6). The inflammatory stimulus increased the
concentration of intestinal and serum TNF-α, and IFN-γ in all
experimental groups. However, TNF-α level was significantly
lower in L. fermentum UCO-979C-treated mice when compared
with those receiving the CRL973 strain or controls. In addition,
both lactobacilli augmented the production of intestinal IFN-
γ after the challenge with LPS while only UCO-979C strain
increased the levels of this cytokine in serum (Figure 6). LPS
challenge also increased IL-10 both in intestinal fluid and serum
of mice; however, the levels of this immunoregulatory cytokine
were significantly higher in L. fermentum UCO-979C-treated
mice when compared with those receiving the CRL973 strain or
controls (Figure 6).

L. fermentum UCO-979C Modulates
Intestinal Immune Cell Populations in vivo
We aimed to evaluate the effect of L. fermentum UCO-
979C on peritoneal and intestinal immune cell populations in
order to further characterize the immunomodulatory activity
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FIGURE 2 | Effect of Lactobacillus fermentum UCO-979C and L. fermentum CRL973 on the expression of factors from the complement and coagulation systems in

porcine intestinal epithelial (PIE) cells. PIE cells were pre-treated with UCO-979C or CRL973 strains for 48 h and then stimulated with heat-stable Enterotoxigenic

Escherichia coli (ETEC) pathogen-associated molecular patterns (PAMPs). The expression of factors from the complement (C1S, C1R, C3, and CFB) and coagulation

(F3) systems were studied at 48 h after lactobacilli stimulation (basal) or at 12 h after heat-stable ETEC PAMPs challenge. The results represent three independent

experiments. Results are expressed as mean ± SD. Significantly different from control PIE cells at the same time point *(P < 0.05), **(P < 0.01).

of this strain. In the peritoneal fluid, resident macrophages
(F4/80+ cells) as well as inflammatory monocyte and neutrophils
(Ly6C/Gr1+ cells) were studied by flow cytometry. As shown
in Figure 7, the percentage of peritoneal F4/80+ macrophages
as well as activated macrophages (F4/80+MCH-II+ cells)
was increased in UCO-979C-treated mice when compared
to controls, while no significant differences between the
groups were observed when Ly6C/Gr1+ and Ly6C/Gr1+MHC-
II+ cells were studied. Antigen presenting cells were also
analyzed in Peyer’s patches of mice (Figure 8). No significant
differences were observed between UCO-979C-tretaed and
control mice when CD11b+ (dendritic cells) or F4/80+

(macrophages) cells from Peyer’s patches were evaluated.
In addition, there were no differences between the groups
in activated CD11b+CD86+ dendritic cells; however, the
percentage of activated F4/80+CD86+ macrophages were
significantly higher in L. fermentum UCO-979C-treated mice
when compared with controls (Figure 8). Finally, B and T
cells populations in Peyer’s patches were studied (Figure 9). L.
fermentum UCO-979C treatment improved the proportions of
both CD3+CD4+ and CD3+CD8+ T cells when compared to

controls. No differences between the groups were detected in the
population of B220high cells; however, the proportion of B220low

and B220+CD24high cells (immature B cells) from Peyer’s patches
were significantly reduced in L. fermentum UCO-979C-treated
mice when compared with controls (Figure 9). In addition,
B220+CD24low population (mature B cells) from Peyer’s patches
were higher in L. fermentum UCO-979C-treated mice than that
of controls.

DISCUSSION

We previously reported that L. fermentumUCO-979Cmodulates
the innate immune response in human gastric epithelial cells and
macrophages, and improves protection againstH. pylori infection
(23). Here, we demonstrated for the first time that the UCO-979C
strain is also capable ofmodulating the intestinal immune system.

The recent scientific advances in the biology of IECs have
dramatically expanded our appreciation of their immunological
functions. IECs establish an interconnected network with
underlying immune cells and with the microbiota on their
surface, and these complex interactions between intestinal cells
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FIGURE 3 | Effect of Lactobacillus fermentum UCO-979C and L. fermentum CRL973 on the expression of negative regulators of the Toll-like receptor (TLR) signaling

pathway in porcine intestinal epithelial (PIE) cells. PIE cells were pre-treated with UCO-979C or CRL973 strains for 48 h and then stimulated with heat-stable

Enterotoxigenic Escherichia coli (ETEC) pathogen-associated molecular patterns (PAMPs). The expression of negative regulators of the TLR signaling pathway were

studied at 48 h after lactobacilli stimulation (basal) or at 12 h after heat-stable ETEC PAMPs challenge. The results represent three independent experiments. Results

are expressed as mean ± SD. Significantly different from control PIE cells at the same time point *(P < 0.05), **(P < 0.01).

FIGURE 4 | Effect of Lactobacillus fermentum UCO-979C and L. fermentum CRL973 on peritoneal macrophages activities and intestinal IgA production in adult

immunocompetent mice. L. fermentum UCO-979C or CRL973 were administered to different groups of mice for 2 consecutive days at a dose of 108

cells/mouse/day. Untreated mice were used as controls. One day after the last lactobacilli administration, phagocytic and bactericidal (oxidative burst) activities of

peritoneal macrophages, and intestinal IgA concentrations were determined. The results represent three independent experiments. Results are expressed as mean ±

SD. Significantly different from control mice *(P < 0.05).

and microorganisms significantly influence the host defense
against threats from the intestinal lumen (33, 34). IECs play
crucial roles in the recognition of microorganisms in both
homeostatic and pathologic conditions through the expression

of innate receptors including the TLRs. Signaling through
TLR by pathogens in IECs initiates signaling cascades that
culminates in the expression and secretion of various cytokines,
chemokines, and other inflammatory factors which signal and
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FIGURE 5 | Effect of Lactobacillus fermentum UCO-979C and L. fermentum CRL973 on intestinal and serum cytokines of adult immunocompetent mice. L.

fermentum UCO-979C or CRL973 were administered to different groups of mice for 2 consecutive days at a dose of 108 cells/mouse/day. Untreated mice were used

as controls. One day after the last lactobacilli administration, the concentrations of TNF-α, IFN-γ, and IL-10 in intestinal fluid and serum were determined. The results

represent three independent experiments. Results are expressed as mean ± SD. Significantly different from control mice *(P < 0.05).

FIGURE 6 | Effect of Lactobacillus fermentum UCO-979C and L. fermentum CRL973 on intestinal and serum cytokines of adult immunocompetent mice after

lipopolysaccharide (LPS) challenge. L. fermentum UCO-979C or CRL973 were administered to different groups of mice for 2 consecutive days at a dose of 108

cells/mouse/day. Untreated mice were used as controls. Lactobacilli-treated and control mice were challenged with LPS by intraperitoneal injection. One day after the

challenge, the concentrations of TNF-α, IFN-γ, and IL-10 in intestinal fluid and serum were determined by ELISA. The results represent three independent

experiments. Results are expressed as mean ± SD. Significantly different from control mice *(P < 0.05).

prime underlying immune cells (33, 34). It was also reported
that commensal and probiotic bacteria are recognized by
IECs through innate receptors (13). Moreover, immunobiotic

bacteria are able to influence TLR signaling induced by
pathogens in IECs and therefore, to differentially modulate
immune responses (13).
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FIGURE 7 | Effect of Lactobacillus fermentum UCO-979C on peritoneal phagocytic cells of adult immunocompetent mice. L. fermentum UCO-979C was

administered to mice for 2 consecutive days at a dose of 108 cells/mouse/day. Untreated mice were used as controls. One day after the last lactobacilli

administration, peritoneal phagocytes were evaluated by flow cytometry. The results represent three independent experiments. Results are expressed as mean ± SD.

Significantly different from control mice *(P < 0.05).

We have previously used PIE cells to evaluate the effect
of immunobiotic bacteria on TLR signaling induced by
PAMPs. We demonstrated that stimulation of PIE cells with
heat-stable ETEC PAMPs activates NF-kB and induces the
phosphorylation of MAPK-ERK, MAPK-p38, and MAPK-JNK
leading to the production of inflammatory cytokines (25).
Later, by performing transcriptomic studies we corroborated
these findings by demonstrating that activation of NF-kB and
MAPK pathways in PIE cells results in an increased expression
of several chemokines including CCL4, CCL5, CCL8, CCL20,
CXCL2, CXCL5, CXCL9, CXCL10, CXCL11, CSF2, as well as
complement and coagulation factors (27). Interestingly, we have
also demonstrated that prestimulation of PIE cells with the
immunobiotic strain Lactobacillus jensenii TL2937 differentially
modulated the expression of inflammatory factors produced
in response to heat-stable ETEC PAMPs challenge (25, 27)
(Figure 10A). The upregulation of the negative regulators MKP-
1, A20, and Bcl-3 induced by the TL2937 strain in PIE cells
was found to be related to the different immunotrascriptomic

response after heat-stable ETEC PAMPs challenge (25, 27). Here,
we performed similar experiments in order to evaluate the
immunomodulatory effects of L. fermentum UCO-979C in IECs.
Our results showed that the prestimulation of PIE cells with
the UCO-979C strain differentially modulated the expression of
inflammatory factors induced by the heat-stable ETEC PAMPs
challenge (Figure 10A). The changes induced by L. fermentum
UCO-979C were distinct from those previously observed for the
immunobiotic strain TL2937. While L. jensenii TL2937 induced
a clear and remarkable anti-inflammatory effect (25, 27), L.
fermentum UCO-979C produced a stimulant/anti-inflammatory
mixed effect (Figure 10A). Though some inflammatory factors
such as CXCL8, CXCL9, CXCL10, CXCL11, C1S, and C3 were
significantly reduced in UCO-979C-treated PIE cells; others like
IL-6, CCL8, C1R, and CFB were upregulated.

The up- and down-regulation of inflammatory factors
correlated with the changes induced by L. fermentumUCO-979C
on the expression of negative regulators of TLR4 signaling as
evidenced by the augmented expression of SIGIRR and Bcl3,
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FIGURE 8 | Effect of Lactobacillus fermentum UCO-979C on Peyer’s patches phagocytic cells of adult immunocompetent mice. L. fermentum UCO-979C was

administered to mice for 2 consecutive days at a dose of 108 cells/mouse/day. Untreated mice were used as controls. One day after the last lactobacilli

administration, Peyer’s patches phagocytes were evaluated by flow cytometry. The results represent three independent experiments. Results are expressed as mean

± SD. Significantly different from control mice *(P < 0.05).

and the reduced expression of Tollip and MKP-1 (Figure 10A).
The intestinal innate immune system needs to keep a balance
in TLR activation to confer protection and avoid exaggerated
inflammatory responses. Several levels of negative regulation
have been described for TLR activation including the expression
of membrane bound suppressors and intracellular inhibitors (13,
35). In this regard, some probiotic strains have shown to reduce
TLR negative regulators and control the inflammation (36).
Lactobacillus amylovorus DSM 16698 was reported to diminish
IL-1β and IL-8 levels in IECs infected with ETECK88 through the
modulation of the negative regulators Tollip and IRAK-M (37).
ETEC K88-challenged pigs exhibited a reduced inflammatory
response after L. acidophilus administration and this effect was
associated with an increased expression of splenic Tollip, IRAK-
M, A20, and Bcl-3 (38). In addition, L. plantarum CGMCC1258
increased SIGIRR, Bcl3, and MKP-1 gene expressions in porcine
IECs challenged with ETEC K88 ameliorating the production of
IL-8 and TNF-α (39).

The stimulating/anti-inflammatory mixed effect of L.
fermentum UCO-979C in PIE cells contrast with our previous
findings in AGS cells (23). We demonstrated that L. fermentum

UCO-979C significantly diminished the production of IL-8,
TNF-α, IL-1β, IL-6, and MCP-1 in AGS cells challenged with
H. pylori. Of interest, in addition to its capacity to reduce
the production of pro-inflammatory factors we observed that
L. fermentum UCO-979C was also capable to improve the
production of TGF-β in H. pylori-infected AGS cells. These
findings indicate that it is of great importance to characterize
the immunomodulatory properties of the probiotic strains in
different cellular models since it is not possible to extrapolate
their effect in one mucosal tissue to another.

Several studies have reported the beneficial effects of
immunobiotics on intestinal health and those studies have shown
that the most remarkable effect of immunobiotics on intestinal
cytokine dynamics is the increase of TNF-α, IFN-γ, and the
regulatory cytokine IL-10 (30, 40). We have shown consistently
that the oral administration of immunobiotic strains including
L. casei CRL431, L. plantarum CRL1506, and L. rhamnosus
CRL1505 improves the production of TNF-α, IFN-γ, and IL-
10 in the gut (30, 31, 41). Moreover, we demonstrated that oral
administration of the immunostimulatory strain L. rhamnosus
CRL1505 to mice improved the activation of intestinal and
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FIGURE 9 | Effect of Lactobacillus fermentum UCO-979C on Peyer’s patches lymphocytes of adult immunocompetent mice. L. fermentum UCO-979C was

administered to mice for 2 consecutive days at a dose of 108 cells/mouse/day. Untreated mice were used as controls. One day after the last lactobacilli

administration, Peyer’s patches T and B cells were evaluated by flow cytometry. The results represent three independent experiments. Results are expressed as mean

± SD. Significantly different from control mice *(P < 0.05).

FIGURE 10 | Proposed mechanisms for the immunomodulatory activity of Lactobacillus fermentum UCO-979C on intestinal mucosa. (A) Effect of L. fermentum

UCO-979C on intestinal epithelial cells and modulation of the inflammatory response triggered by heat-stable Enterotoxigenic Escherichia coli (ETEC)

pathogen-associated molecular patterns (PAMPs). The immunomodulatory activity of the UCO-979C strain is compared with the activity of the probiotic strain

Lactobacillus jensenii TL2937 and with L. fermentum CRL973. (B) Effect of L. fermentum UCO-979C on intestinal immune cells. The immunomodulatory activity of the

UCO-979C strain is compared with the activity of the probiotic strain Lactobacillus rhamnosus CRL1505.
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peritoneal macrophages as well as Peyer’s patches CD4+IFN-γ+

T cells (30, 31, 41). In the present study, the oral administration of
L. fermentum UCO-979C significantly improved the production
of IFN-γ, and IL-10 but not the TNF-α. The UCO-979C strain
stimulated intestinal and peritoneal macrophages and improved
Peyer’s patches CD4+ T cells, although the effects were less
pronounced than those previously observed for the CRL1505
strain (Figure 10B). These results indicate that L. fermentum
UCO-979C would be capable of stimulating CD4+ T cells in the
gut, increasing IFN-γ production and consequently stimulating
the macrophages. In fact, peritoneal macrophages of UCO-979C-
treated mice had improved levels of parameters that are involved
in several fundamental steps of the phagocytic process including
attachment to surface and internalization of S. boulardii as
well as their microbicidal activity through oxidative burst. We
previously reported that L. fermentum UCO-979C modulated
cytokine production in THP-1 macrophages challenged either
with H. pylori or LPS (23). The UCO-979C strain was able
to reduce the production of TNF-α, and to improve IFN-
γ levels in challenged THP-1 macrophages. In addition, we
demonstrated that L. fermentum UCO-979C increased the
production of IL-10 in THP-1 macrophages challenged with
H. pylori (23). Our previous results and those obtained in this
work therefore suggest that the UCO-979C strain could exert
an immunomodulatory effect on macrophages acting directly on
them or indirectly through the cytokines produced by IECs or
other immune cells.

Another effect that has been consistently described for
probiotics on the intestinal immune system is their ability
to improve secretory IgA production, which is supported in
most cases by an improved production of factors released by
IECs. Cytokines produced by IECs such as IL-6 are capable
of promoting the switch from IgM to IgA expression in B
cells (31, 40). It is considered that approximately 80% of
antibody-secreting plasma cells in the human body are located
in the gut. Intestinal antibody-secreting plasma cells produce
secretory IgA that plays an important protective role against
pathogens and toxins through a variety of non-inflammatory
activities that increase their clearance, and prevent their access
to the intestinal epithelium (42). Dimeric IgA also neutralize
endocytosed LPS in intestinal epithelium, preventing NF-κB
activation (43). IgA-producing B cells can be generated by
both T cell-dependent and -independent processes (44). T
cell-dependent responses usually occur in germinal centers in
lymphoid tissues such as the Peyer’s patches and mesenteric
lymph nodes. In such structures, B cells undergo several
rounds of activation and maturation that are supported by
follicular T cells that express co-stimulatory molecules and
cytokines. In T-independent responses, which occur outside
germinal centers, B cells are activated by IECs and innate
immune cells to produce polyreactive IgA (45). The T-
independent IgA production is induced by and influences the
composition of indigenous members of the microbiota (42).
In addition, improvement of T-independent IgA induction
supported by TGF-β, IL-4, IL-2, IL-6, and IL-10 was also
demonstrated for immunobiotic strains including L. casei
CRL431 (40), L. rhamnosus GG (46), and L. rhamnosus

CRL1505 (31). In this work, we have observed that the
oral administration of the L. fermentum UCO-979C improves
intestinal IL-6, reduces immature B220+CD24high B cells from
Peyer’s patches, enhances mature B B220+CD24low cells and
significantly increases intestinal IgA, although these effects were
less pronounced than those observed for the CRL1505 strain
(Figure 10B).

Interestingly, L. fermentum CRL973 showed a modest
immunomodulatory effect in vitro (Figure 10A). The CRL973
strain increased the expression of SIGIRR and reduced the
expression of the negative regulators A20 and IRAK-M in PIE
cells after heat-stable ETEC PAMPs challenge. However, the in
vivo studies in mice demonstrated that the CRL973 strain was not
able to exert an immunomodulatory effect since no improvement
of intestinal cytokines, IgA production, or activation of peritoneal
macrophages was observed in the CRL973-treated mice. These
findings are of importance since they confirm the general
knowledge that the immunobiotic properties are dependent
on each specific strain. Moreover, results of this study open
up an interesting possibility for future research since cellular,
molecular, and genomic comparative studies between both
UCO-979C and CRL973 strains could help to understand the
immunological mechanisms involved in the beneficial effects of
L. fermentum UCO-979.

We have demonstrated that L. fermentum UCO-979C is able
to differentially modulate the cytokine response of human gastric
epithelial cells and macrophages, and to improve protection
against H. pylori infection in vitro (23). The UCO-979C strain
is also capable to modulate the immune response of IECs
triggered by heat-stable ETEC PAMPs challenge. Notably, we
demonstrated here for the first time that L. fermentum UCO-
979C is able to exert its immunomodulatory effect in the
intestinal mucosa in vivo. Therefore, L. fermentum UCO-
979C has several characteristics for making it an excellent
candidate for the development of immunobiotic functional
foods to prevent infections by gastric and intestinal pathogens.
The in vivo evaluation of the ability of the UCO-979C
strain to beneficially influence the immune response and
improve protection against H. pylori and other intestinal
pathogenic Gram-negative bacteria is an interesting point for
further research.
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Many studies have demonstrated that immunobiotics with immunoregulatory functions

improve the outcomes of several bacterial and viral infections by modulating the mucosal

immune system. However, the precise mechanisms underlying the immunoregulatory

and antiviral activities of immunobiotics have not yet been elucidated in detail. The present

study was conducted to determine whether selected lactic acid bacteria (LAB) modulate

toll-like receptor 3 (TLR3) agonist polyinosinic:polycytidylic acid (PolyI:C) induced viral

response in human intestinal epithelial cells (IECs). PolyI:C increased the expression of

interferon-β (IFN-β), interleukin-6 (IL-6), interleukin-8 (IL-8), monocyte chemoattractant

protein (MCP-1), and interleukin-1β (IL-1β) in HCT116 cells, and these up-regulations

were significantly altered when cells were pre-stimulated with LAB isolated from Korean

fermented foods. LAB strains were capable to up-regulate IFN-β but down-regulated

IL-6, IL-8, MCP-1, and IL-1β mRNA levels as compared with PolyI: C. HCT-116 cell

treatment with LABs beneficially modulated the mRNA levels of C-X-C motif chemokine

10 (CXCL-10), 2-5A oligoadenylate synthetase 1 (OSA1), myxovirus resistance protein

(MxA), TLR3, and retinoic acid inducible gene-I (RIG-I), and TLR negative regulators.

In addition, LABs increased IFN-β, IFN-α, and interleukin-10 (IL-10) and decreased

tumor necrosis factor-α (TNF-α) and IL-1β protein/mRNA levels in THP-1 cells. LABs

also protected the cells by maintaining tight-junction proteins (zonula occludens-1 and

occludin). The beneficial effects of these LABs were mediated via modulation of the

interferon regulatory factor 3 (IRF3) and nuclear factor-kappa B (NF-κB) pathways.

Overall, the results of this study indicate that immunobiotics have potent antiviral

and anti-inflammatory activities that may use as antiviral substitutes for human and

animal applications.

Keywords: probiotics, PolyI:C, inflammatory response, antiviral immune response, immunoregulatory activity,

intestinal epithelial cells
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INTRODUCTION

The gastrointestinal tracts (GITs) of humans and animals contain
innate and adaptive immune cells that permit colonization
by trillions of commensal microorganisms, which enhance
digestion, and host mucosal immunity. Of the immune cells,
intestinal epithelial cells (IECs) are the potent innate immune
cells lined as a monolayer in the lumen of the GIT (1). These
cells also act as a first line of defense against invading pathogens,
including viruses such as rotaviruses (2, 3). IECs are able to
sense and respond to various microbial stimuli from foreign
and commensal microbiota via specialized surface membrane
receptors such as toll-like receptors (TLRs) (1, 4). TLRs are a type
of pattern recognition receptor (PRR), which have the ability to
induce innate and adaptive immunity against invading pathogens
by recognizing their molecular patterns (4). Among the TLRs,
toll-like receptor 3 (TLR3) is able to recognize double stranded
RNA (dsRNA) and to triggers intracellular signal transduction
pathways in response to dsRNA viruses (5). After being ligated,
TLR3 activates the transcription factors nuclear factor-kappa
B (NF-κB) and interferon regulatory factor (IRF) via TLR
adaptors molecules such as MyD88, Toll/interleukin-1 (IL-1)
domain containing adaptor inducing IFN (TRIF), and TIRF-
related adaptor molecule (TRAM), to produce inflammatory
cytokines and interferons (IFNs) (6, 7). dsRNA is also recognized
by cytosolic receptors such as retinoic acid inducible gene-I (RIG-
1) and melanoma differentiation associated antigen 5 (MAD-5)
(8, 9), which interact with IFN-β promoter stimulator-1 (IPS-
1)/mitochondrial antiviral-signaling protein (MAVS) adaptor
proteins and thus activate NF-κB and interferon regulatory factor
3 and 7 (IRF3, 7) to augment the expressions of inflammatory
mediators and type I IFNs (7, 8). Collectively, previous reports
suggest that IECs possess more than one receptor to sense dsRNA
and its analog, and that they respond via two separate signaling
pathways (7).

Polyinosinic:polycytidylic acid (PolyI:C) is a synthetic dsRNA
analog that is often used to induce inflammatory responses that
mimic response induced by dsRNA viruses (5). TLR3 and RIG-
I/MDA-5 receptors have been reported to be able to recognize
PolyI:C and to activate transcription factors responsible for
the expressions of inflammatory cytokines/chemokines and type
I IFNs (7, 10). The production of IFNs, especially of type I
IFNs, plays a crucial role in protecting host immune system
from viral invasion. In particular, IFN-β has the ability to
inhibit viral replication (7). The absence of IFN-β in mice was
highly infected by viruses (11). In addition, the activation of
type I IFN signaling induces the expression of several antiviral
genes, such as myxovirus resistance protein (MxA), and 2′-
5′ oligoadenuylate dependent endoribonuclease (RNase-L), that
helps maintain antiviral states induced by IFNs in hosts via
several mechanisms (12, 13).

Lactic acid bacteria (LAB), a group of commensal bacteria that
are able to exert probiotic effects by mutually interacting with
host IECs (14). Lactobacilli and bifidobacteria are the members
of LAB, which are dominantly colonizing in the GIT and boost
the host immune system to combat viral infections (15). Several
studies evaluated the beneficial actions of these strains against

viral and PolyI:C-mediated inflammatory responses (3, 16–18).
In addition, the extracellular polysaccharides (EPS) of these
probiotic strains have also been reported to promote host defense
mechanism and to attenuate inflammatory responses induced
by pathogens or PolyI:C (3, 19, 20). Most studies used IECs
(Human and Porcine IECs) as an in vitro model to study innate
anti-viral immune response of LAB strains against rotavirus
(RV) and PolyI:C (21–23). Human intestinal epithelial (HT-
29) cells potently respond to PolyI:C by up-regulating immune
gene proteins related to the TLR signaling pathway (10), and
a study using porcine jejunal cells (IPEC-J2) showed treatment
with L. rhamnosus GG reduced inflammatory response and RV
infection in vitro (22). Also, PolyI:C increased the mRNA level
of inflammatory cytokines (IL-6, IL-8, MCP-1) and interferon
(IFN-α and IFN-β) in porcine IECs (PIE cells) (17, 23), whereas
PIE cells treated with immunobiotic L. casei MEP221106 up-
regulated IFN-α and IFN-β and down-regulated IL-6 and MCP-
1 in response to the TLR3 agonist PolyI:C (16). These studies
also suggest that IECs are the in vitro useful model to select
and study of probiotic bacteria against viral or PolyI:C induced
immune response in vitro. In addition, IECs would helpful to
study molecular insight into mechanisms involved in the viral
and anti-viral response of PolyI:C and probiotic strains via
analysis of TLRs expression, activation, and modulation of innate
immune signaling pathways and negative regulatory proteins.
In the present study, we used human colon cell line (HCT116)
to investigate the antiviral effects of probiotic bacteria isolated
from Korean foods. To induce viral response, HCT116 cells
were treated with PolyI:C and then examined for changes in the
expressions of inflammatory cytokines, IFNs, anti-viral proteins,
and TLR negative regulators. In addition, modulations of tight-
junction proteins (ZO-1 and occludin) and signaling molecules
(IRF-3 and IκB-α,) were also examined by western blotting after
treating cells with Lactobacillus plantarum, Weissella cibaria, or
Lactobacillus sakei.

MATERIALS AND METHODS

Bacterial Strains
The strains L. plantarum DU1, W. cibaria DU1, and L. sakei
DU2 used in this study were previously isolated from Korean
fermented foods and maintained in MRS (deMan-Rogosa-
Sharp) medium at −70◦C. LABs were grown at 37◦C for 19 h,
centrifuged, washed with distilled phosphate buffered saline
(PBS), and re-suspended in Roswell Park Memorial Institute
1640 medium (RPMI 1640, Gyeongsagbuk-do, South Korea) at
desired concentrations, then stored at −4◦C until required. The
cytotoxicity of these strains on human cell line was determined
previously using a cell viability assay kit (EZ-CYTOX, DOGEN
Bio Co. Ltd) (24).

Cell Culture
The human colon and monocytic cells (HCT116 cells and THP-
1) were used in this study that were obtained from the Korean
Cell Line Bank (Seoul). HCT116 cells were cultured in RPMI
medium supplemented with 10% fetal bovine serum (FBS), and
1% penicillin/streptomycin (P/S) at 37◦C, under 5% CO2. The
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medium was changed at 1-day interval for 5–6 days. Cells from
passages 20–40 were used in the present study. In addition, THP-
1 cells were also cultured in RPMI-1640 medium containing
FBS (1%), P/S (1%), and mercaptoethanol (0.05mM) at 37◦C,
under 5% CO2 for 5–6 days. To induce differentiation, cells were
incubated with PMA (phorbol-12-myristate-13-acetate) medium
for 48 h and then in fresh RPMI medium for 24 h. PMA medium
was prepared by adding PMA (50 ng/ml) to RPMI medium.

Analysis of Antiviral Activity of LABs in
HCT116 Cells
HCT116 cells (3 × 104 cells/ml) were placed in collagen coated
plates (SPL Life Sciences Co. Ltd, Gyeonggi-do, Korea), and
incubated at 37◦C, under 5% CO2 for 5–6 days. Cultured cells
were then incubated with LAB strains (5 × 107 cells/ml) for
48 h and post-incubated with PolyI:C (10µg/ml) for 3 or 12 h.
HCT116 cells stimulated with PolyI:C and medium alone were
used as positive and negative controls, respectively. The RNA
was extracted from treated cells and the expressions of type I
interferon (IFN-α, IFN-β), antiviral proteins [(MxA, OAS1, C-X-
C motif chemokine 10 (CXCL-10)], signaling receptors (RIG-I,
TLR3), inflammatory cytokines/chemokine (IL-6, IL-8, MCP1,
IL-1β), and TLR negative regulators such as A20, toll-interacting
protein (Tollip), single Ig interleukin 1 –related receptor
(SIGIRR) and IL-1 receptor-associated kinase-M (IRAK-M) were
analyzed by qRT-PCR.

RNA Extraction and Quantitative
Polymerase Chain Reaction (qPCR)
Total RNA was isolated from cells by adding TRIzol reagent
(Invitrogen), and used to synthesize cDNA using a Thermal
cycler (BioRad, Hercules, CA, USA). qPCR was performed
with a 7300 real-time PCR system (Roche Applied Science,
Indianapolis, IN, USA) using SYBR green and targeted primers
(24). PCR reaction mixtures (20 µl) contained 1 µl of cDNA and
19 µl of master mix, which included SYBR green and forward
and reverse primers (1 pmol/µl). Amplifications were performed
using the following procedure; 95◦C for 5min, followed by 40
cycles of 95◦C for 15 s, 60◦-63◦C for 30 s, and 72◦C for 30 s.
β-actin was used as the internal control to normalize cDNA levels.

Co-culture Study
HCT116 cells (3.5 × 104 cells/well) were cultured in apical
transwell culture inserts (transparent PTFE membrane coated
collagen (0.4µm pore size); Transwell-COL, Corning Inc., NY,
USA) at 37◦C under 5% CO2 for 5–6 days. Then, HCT116 cells
were co-cultured with THP-1 cells (1 × 105 cells/well) taken in a
basolateral culture chamber. To examine the anti-viral immune
response of LABs, HCT116 cells monolayer [Transepithelial
electric resistance (TEER value ∼541Ω cm2)] was stimulated
with LABs for 48 h, after which 10µg/ml of PolyI:C was added to
the THP-1 cells cultured chamber and incubated for an additional
12 h at 37◦C. Cell free supernatants from the basolateral chamber
was collected and stored at −4◦C to estimate the protein level of
tumor necrosis factor-α (TNF-α). In addition, RNA from THP-1
was used to analyze the expression of IFN-α, IFN-β, IL-10, and
IL-1β by qRT-PCR.

Enzyme-Linked Immunosorbent
Assay (ELISA)
To determine whether LABs reduced TNF-α production in the
co-culture model, TNF-α levels in THP-1 cell free supernatants
from basolateral sides were quantified using a commercially
available ELISA kit (Human TNF-α Quantikine ELISA kit, R &
D system, MN, USA).

Proteins Extraction and Western
Blot Analysis
HCT116 cells (1.8 × 105 cells/dish) were seeded in dishes
(60mm) and incubated at 37◦C under 5%CO2 for 5–6 days. Fully
confluent cells were then stimulated as follows; cells stimulated
with LAB strains alone (48 h), cells stimulated with PolyI:C
alone (2 h), cells pre-stimulated with LAB strains and combined
with PolyI:C for last 2 h (PolyI:C combined 2 h), cells pre-
stimulated with LAB strains and post-stimulated with PolyI:C
for 2 h (2 h, PolyI:C post-treatment separately), and cells co-
stimulated with LAB strains +PolyI:C (48 h both combined).
Treated cells were washed three times with distilled PBS and
lysed with 200µl of CellLytic M cell lysis reagent (Sigma-Aldrich,
St. Louis, MO) containing phosphatase and protease inhibitors.
Lysed cells were scraped and transferred to fresh Eppendorf tubes
(1.5ml), sonicated at 50% for 3–5 s, and stored at −70◦C until
required. Total protein in collected samples was estimated using
bicinchoninic acid (BCA) assay kits (Thermo Scientific, Pierce,
Rockford, IL, USA) after heating samples at 95◦C for 5 min.

For western blotting, lysed samples were loaded in 10% SDS-
polyacrylamide gels, and separated proteins were transferred
to nitrocellulose membranes (Trans-Blot TurboTM, BioRad)
that were incubated with blocking buffer for 1–2 h and
then incubated with targeted proteins specific primary and
secondary antibodies. Tight junction proteins (zonula occludens-
1, occludin), phosphorylation of interferon regulatory factor
3 (p-IRF3) and nuclear factor kappa B (p-IκB-α) levels were
evaluated by incubating membranes overnight with ZO-1
(D7D12) antibody (ZO-1, Cat. #8193), phosphor-IRF3 (Ser396)
antibody (p-IRF3, Cat. #29047), phospho-IκB-α antibody (p-IκB-
α, Cat. #2859) (Cell Signaling Technology, Beverly, MA, USA),
occludin antibody (E-5: Cat.#SC-133256), and β-actin antibody
(C4, Cat. #SC-47778) (Santa Cruz Biotechnology Inc., Dallas,
Texas) at dilutions of 1,000:1. Membranes were then washed
with TBS-T buffer and incubated with Goat anti-rabbit IgG-
HRP polyclonal antibody (AbFrontier, Cat. #LFSA8002, Seoul).
After 1–2 h of incubation, membranes were washed with TBS-
T buffer, and treated with western blot detection solution (Dyne
ECL Star, Korea). The optical protein bands were detected and
the densitogram peaks were estimated using the Image J software
(National Institute of Health, Bethesda, MD, USA).

Statistical Analysis
The data were expressed as the average (mean ± SD) value
of three repeated experiments. Significant differences among
the groups were determined by one-way analysis of variance
(ANOVA) with Tukey multiple range test using SPSS ver.
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12.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was
accepted for p values of < 0.05.

RESULTS

LABs Modified PolyI:C Induced IFN-β
Expression in HCT116 Cells
We first evaluated whether the three LAB strains (L. plantarum
DU1, Weissella cibaria DU1, and L. sakei) induced IFN-β
production in response to PolyI:C in HCT116 cells. Cells were
pre-incubated with LABs and then post-stimulated with PolyI:C
for different hours. The results of RT-PCR showed that the
expression of IFN-β varied depending on the stimulation hours.
Stimulation of cells with PolyI:C alone increased the expression
of IFN-β at both 3 and 12 h (Figure 1). The PolyI:C induced
IFN-β expression was further up-regulated when cells were pre-
incubated with LABs.W. cibaria and L. sakeiwere significantly (p
<0.05) increased the level of IFN-β in 3 h, whereas L. plantarum
showed level was not significantly higher than PolyI:C. But at
12 h, all LAB strains significantly (p <0.05) increased the mRNA
level of IFN-β in response to PolyI:C in HCT116 cells, indicating
that LABs showed strong antiviral activity against PolyI:C at late
stage of stimulation.

Effect of LABs on Inflammatory
Cytokine/Chemokine Expressions in
HCT116 Cells
To investigate whether LABs inhibit PolyI:C-induced
inflammatory cytokine/chemokine expressions, HCT116
cells were pretreated with LABs and then with PolyI:C, as
described above. As shown in Figure 2, PolyI:C treatment
tended to increase the mRNA levels of IL-6, IL-8, MCP-1 and
IL-1β, but LABs pretreatment altered these expressions in
a time-dependent manner. At 3 h, cells pre-stimulated with
LABs altered the expression of all cytokines, however they were
relatively similar to the levels of PolyI:C (Figure 2). In contrary,
all LAB strains had profound effects on the reduction of IL-6,
IL-8, MCP-1, and IL-1β at 12 h, and these reductions were
significantly (p <0.05) lower than PolyI:C.

LABs Altered TJ Proteins in HCT116 Cells
To analyze the effect of LABs on alternation of TJ, we examined
the level of ZO-1 and occludin proteins in HCT116 cells that were
pre or co-stimulated with LAB strains and PolyI:C or PolyI:C
alone. HCT116 cells treated with PolyI:C decreased the level of
ZO-1, and this decrease was attenuated by pre or co-treated
with LAB strains (Figure 3). As compared to PolyI:C, all LABs
except L. plantarum and W. cibaria showed significantly higher
level of ZO-1 in HCT116 cells post-treated with PolyI:C for
2 h. In addition, higher level of ZO-1 was observed in HCT116
cells co-stimulated with LABs and PolyI:C for 48 h. Relatively,
similar pattern of results were observed in the protein level of
occludin (Figure 4). LABs treatment increased occludin protein
in HCT116 cells that were post-stimulated with PolyI:C for 2 h.
In addition, the occludin was found to be higher in cells that
were co-stimulated with LABs and PolyI:C for 2 and 48 h. These

results indicates that LABs protect the cells against PolyI:C by
maintaining the tight-junction proteins.

LABs Modulated PolyI:C-Induced Cytokine
and Antiviral Protein Expressions in
HCT116 Cells
HCT116 cells were treated with LABs and followed by post-
stimulation with PolyI:C for 3 or 12 h. Relative mRNA levels
of cytokines, antiviral proteins, and signaling receptors were
determined by RT-PCR. CXCL-10 levels were significantly
increased in HCT116 cells treated with PolyI:C for 3 or 12 h
(Figure 5). Pre-stimulation of cells with LABsmodulated PolyI:C
induced cytokine mRNA levels. L. plantarum or W. cibaria
pretreatment increased CXCL-10 level after 3 h of PolyI:C post-
treatment, whereas L. sakei pretreatment had no effect. However,
pretreatment with all three LABs up-regulated mRNA levels
of the antiviral proteins (OAS1 and MxA) as compared with
PolyI:C. The expression of RIG-I and TLR3 weren’t significantly
increased by LAB strains as compared with PolyI:C. In contrary,
the expression of CXCL-10 was significantly (p< 0.05) decreased
when cells were pre-stimulated with LABs except L. sakei for 12 h,
whereas the expressions of OAS1 and MxA were increased by
LABs (exceptW. cibaria for MxA) in HCT116 cells (Figure 5). In
addition, L. plantarum and L. sakei were significantly increased
the level of RIG-I in HCT116 cells. The mRNA level of TLR3
was significantly increased when cells were pre-treated with W.
cibarai as compared with PolyI:C.

Effect of LABs on TNF-α Production in
THP-1 Cells
To investigate the effect of LABs on TNF-α production, we
used a co-culture model mimicking intestinal conditions by
allowing cell crosstalk via the secretions of soluble factors into
the surrounding medium. HCT116 cells were co-cultured with
THP-1 cells and stimulated with LABs and followed by PolyI:C
for 12 h. TNF-α levels in medium were determined by ELISA.
Results are shown in Figure 6A. PolyI:C treatment tended to
increase the production of TNF-α in THP-1 cells; however, LABs
pre-stimulation suppressed THP-1 cells to produce lower level of
TNF-α as compared to PolyI:C treatment alone.

LABs Modulated PolyI:C-Induced IFNs and
Inflammatory and Anti-inflammatory
Cytokines in THP-1 Cells
To investigate whether LABs indirectly modulate PolyI:C
induced type 1 IFNs and cytokines in THP-1 cells via HCT116
cells, we extracted RNA from THP-1 cells that were stimulated
with LABs and PolyI:C. The expression of interleukin-10 (IL-
10), interleukin 1β (IL-1β), IFN-α, and IFN-β was analyzed by
qRT-PCR. The mRNA level of IL-10 was significantly increased
by all three LABs in THP-1 cells post-stimulated with PolyI:C
for 12 h. On the other hand, W. cibaria exhibited significant
reduction in the level of IL-1β in THP-1 cells (Figures 6B,C).
L. plantarum and L. sakei did not significantly diminish IL-
1β expression as compared to PolyI:C. Stimulation of THP-1
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FIGURE 1 | LAB strains up-regulate PolyI:C induced IFN-β in IECs. After HCT116 were treated with LAB strains and PolyI:C, the expression of IFN-β was determined

by RT-PCR. Cells treated with either PolyI:C or medium alone were used as positive and negative controls, respectively. The positive control was used for comparison

of LAB strains treated groups. The mean differences among the different superscript letters (a, b, ab, cd) were significant at 0.05 level. LABs were able to up-regulate

IFN-β level in response to PolyI:C.

FIGURE 2 | LAB strains attenuate the inflammatory response triggered by TLR3 in IECs. After HCT116 cells were treated with LAB strains and PolyI:C, the expression

of IL-6, IL-8, MCP-1, and IL-1β were analyzed by RT-PCR. Cells treated with either PolyI:C or medium alone were used as positive and negative controls, respectively.

The positive control was used for comparison of LAB strains treated groups. The mean differences among the different superscript letters (a, b, ab) were significant at

0.05 level. LABs decreased the expression of PolyI:C induced inflammatory cytokines in HCT116 cells.

cells with PolyI:C increased the expressions of IFN-α and IFN-
β and these expressions were further increased by LABs post-
stimulation (Figure 7).

LABs Modulated the Expressions of TLR
Negative Regulators in HCT116 Cells
To gain more insight into the mechanisms of LABs on
modulation of innate antiviral immune responses of TLR
signaling, we examined the expression of genes that negatively
regulate TLR signaling in HCT116 that were treated with LABs

and PolyI:C. The expression of A20, Tollip, SIGIRR, and IRAKM
was analyzed by qRT-PCR. Stimulation of cells with PolyI:C
increased the mRNA levels of A20, while it didn’t up-regulate
the levels of Tollip, SIGIRR, and IRAKM (Figure 8). The PolyI:C
mediated expressions levels were able to modulate by LAB strains
in a time dependent manner. At 3 h, L. plantarum and L. sakei
treated HCT116 cells showed increase in level of A20, whereas
the level of Tollip was only increased by L. sakei, and this increase
was significantly higher (p < 0.05) than that induced by PolyI:C
and other strains. But, all LABs weren’t significantly increased
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FIGURE 3 | LAB strains modulate TJ protein (ZO-1) in HCT116 cells. Cells were stimulated as follows: control, PolyI:C alone, LABs alone (48 h), LABs+PolyI:C (2 h,

Poly:C combined treatment), LABs+PolyI:C (2 h, PolyI:C post-treatment separately), and or LABs+PolyI:C (48 h both combined). The level of tight-junction protein

(ZO-1) was analyzed by western blot. The loading control beta-actin was reused for illustrative purposes. The bar graphs represent the results of three independent

experiments. The mean differences among the different superscript letters (a, b, ab) were significant at 0.05 level. LABs stimulation modulated ZO-1 level in response

PolyI:C.

FIGURE 4 | LAB strains modulate TJ protein (Occludin) in HCT116 cells. Cells were stimulated as follows: control, PolyI:C alone, LABs alone (48 h), LABs+PolyI:C

(2 h, Poly:C combined treatment), LABs+PolyI:C (2 h, PolyI:C post-treatment separately), and or LABs+PolyI:C (48 h both combined). The level of TJ protein (ZO-1)

was analyzed by western blot. The loading control beta-actin was reused for illustrative purposes. The bar graphs represent the results of three independent

experiments. The mean differences among the different superscript letters (a, b, ab, c, bc) were significant at 0.05 level. LABs alone or co-treated with PolyI:C

increased the level of occludin in HCT116 cells.
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FIGURE 5 | LABs modulate expressions of antiviral proteins and receptors in HCT116 cells. After HCT116 cells stimulated with LABs and PolyI:C for 3 and 12 h, the

mRNA level of CXCL-10, OAS1, MxA, RIG-I, and TLR3 was evaluated by RT-PCR. Cells treated with either PolyI:C or medium alone were used as positive and

negative controls, respectively. The positive control was used for comparison of LAB strains treated groups. The mean differences among the different superscript

letters (a, b, ab, c, bc) were significant at 0.05 level. LABs stimulation decreased the level of CXCL-10, while increased level of other anti-viral proteins at 12 h in

HCT116 cells, post-treated with PolyI:C.

FIGURE 6 | Effect of LABs on modulation of inflammatory and anti-inflammatory cytokines expression in THP-1 cells cultured with HCT116 cells. After HCT116 cells

were stimulated with LABs, and followed by THP-1 cells with PolyI:C for 12 h, the production of TNF-α in the basolateral medium and mRNA level of IL-10 and IL-1β in

THP-1 cells was analyzed by ELISA and RT-PCR. Cells treated with either PolyI:C or medium alone were used as positive and negative controls respectively The

positive control was used for comparison of LAB strains treated groups. The mean differences among the different superscript letters (a, b, ab, c, bc) were significant

at 0.05 level. LABs stimulation decreased the level of TNF-α, IL-1β, while increased level of IL-10 in THP-1 cells, post-treated with PolyI:C.

the level of SIGIRR as compared to PolyI:C. In addition, there
was no significant alternation observed in the level of IRAKM.
In contrary, L. plantarum and W. cibaria reduced the level
of A20 on 12 h, whereas all LABs showed significantly (p <

0.05) increase in levels of Tollip and SIGIRR as compared to
PolyI:C (Figure 8). Furthermore, IRAKMmRNA expression was
significantly increased by L. plantarum and L. sakei

LABs Modulated the Phosphorylations of
IRF3 and IκB-α in HCT116 Cells
Activation of TLR3 by PolyI:C recruits several intracellular
signaling molecules (TRAF3, IRF3, and NF-κB) to induce
expressions of type 1 IFNs and inflammatory cytokines.
Therefore, we examined whether LABs were able to modulate
phosphorylation of IRF3 and IκB-α in HCT116 cells stimulated

with PolyI:C. The level of p-IRF3 was increased when
cells were treated with LABs in the presence of PolyI:C
for 2 or 48 h (Figure 9). As compared to PolyI:C, LABs
were able to increase the level of p-IRF3 in HCT116 cells
post-treated with PolyI:C for 2 h. In contrary, PolyI:C
alone significantly increased the phosphorylation of IκB-
α in HCT116 cells, but cells treated with LABs alone or
co-treated with LABs and PolyI:C for 48 h significantly
decreased the level of IκB-α (Figure 10). In addition,
stimulation of cells with LABs in the presence of PolyI:C
for 2 h or post-stimulation with PolyI:C for 2 h diminished
phosphorylation of IκB-α in HCT 116 cells as compared with
PolyI:C alone. These results suggest LABs exhibits innate
antiviral immune response by modulating the IRF3 and
NF-κB pathways.
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FIGURE 7 | Effect of LABs on up-regulation of antiviral IFNs in THP-1 cells cultured with HCT116 cells. The expression of IFN-α and IFN-β were analyzed by RT-PCR.

Cells treated with either PolyI:C or medium alone were used as positive and negative controls, respectively. The positive control was used for comparison of LAB

strains treated groups The mean differences among the different superscript letters (a, b, ab, c, bc) were significant at 0.05 level. LABs stimulation increased the level

of IL-1β and IFN-α in response to PolyI:C THP-1 cells.

FIGURE 8 | Analysis of TLRs negative regulators expression in HCT116 cells. After HCT116 cells treated LAB strains and PolyI:C for 3 and 12 h. The expression of

A20, Tollip, SIGIRR, and IRAK-M were evaluated by RT-PCR. Cells treated with either PolyI:C or medium alone were used as positive and negative controls,

respectively. The positive control was used for comparison of LAB strains treated groups The mean differences among the different superscript letters (a, b, ab) were

significant at 0.05 level. LABs were able to modulate expression of negative regulators of TLR signaling in HCT116 cells, stimulated with PolyI:C.

DISCUSSION

Intestinal epithelium contains IECs, which play important roles
in maintenance of the intestinal immune system. Upon meeting
pathogens, IECs capable to induce mucosal immune responses
by expressing soluble factors such as cytokines/chemokines to
recruit and activate immune cells including leukocytes and
neutrophil granulocytes to the infected area, and by producing
type I IFNs, antiviral proteins, and effector molecules to limit
pathogens replications (25, 26). The expressions of TLRs in

IECs play an important role on induction of mucosal immune
responses in the intestine by sensing antigens derived from
pathogens during their infection. Several studies have reported
TLRs expressions and their vital roles on induction of host
defense system against infectious diseases (4, 27). Activation
of TLR3 by dsRNA induces production of several antiviral
proteins such as IFN regulatory factors, type I IFNs, and
cytokines/chemokines to establish antiviral state against viruses
(28–30). Among the IFNs, IFN-β is a key cytokine that positively
contributes to host innate immunity and defense against several
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FIGURE 9 | The ability of LABs to increase PolyI;C induced regulatory factor in vitro. HCT116 cells were stimulated as follows: control, PolyI:C alone, LABs alone

(48 h), PolyI:C alone (2 h), LABs+PolyI:C (2 h, Poly:C combined treatment), LABs+PolyI:C (2 h, PolyI:C post-treatment separately), and or LABs+PolyI:C (48 h both

combined). The phosphorylation of interferon regulatory factor 3 (IRF3) was analyzed by western blot. The loading control beta-actin was reused for illustrative

purposes. The bar graphs are representative of three independent experiments. The mean differences among the different superscript letters (a, b, ab, bc) were

significant at 0.05 level. LABs alone or co-treated with PolyI:C increased the phosphorylation of IRF3 in HCT116 cells.

FIGURE 10 | LABs inhibited PolyI;C induced activation of the NF-κB pathway in vitro. HCT116 cells were stimulated as follows: control, PolyI:C alone, LABs alone

(48 h), PolyI:C alone (2 h), LABs+PolyI:C (2 h, Poly:C combined treatment), LABs+PolyI:C (2 h, PolyI:C post-treatment separately), and or LABs+PolyI:C (48 h both

combined). The phosphorylation of IκB-α was analyzed by western blot. The loading control beta-actin was reused for illustrative purposes. The bar graphs are

representative of three independent experiments. The mean differences among the different superscript letters (a, b, c, d) were significant at 0.05 level. LABs alone or

co-treated with PolyI:C decreased the phosphorylation of IκB-α in HCT116 cells.
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viruses including rotavirus (31). In addition, the up-regulation
of IFN-β induces transcription of other viral response genes
involved in viral protection. IFN-β deficient mice have been
shown to be more susceptible to influenza virus infection (32).
Broquet et al. (33) reported that IFN-β showed protection against
RVs by reducing their replication in IECs. Therefore, IFN-β
is considered a potent antiviral chemokine, and thus, is used
to screen or study the antiviral effects of immunobiotic strains
and their related compounds. In this regard, we have evaluated
whether LAB strains induce the expression of IFN-β in HCT116
cells.We found that LABs stimulation increased the expression of
IFN-β in response to PolyI:C. Our findings are in good agreement
with the results of others studies obtained for Bifidobacterium
infantis MCC12 and B. breve MCC1274 (3), Lactobacillus casei
MEP221106 (16), Lactobacillus delbrueckii TUA4408L (29), and
L. casei Zhang (34). Probiotic L. acidophilus NCFM was able
to increase the expression of IFN-β in bone marrow derived
dendritic cells in vitro (35). Treatment of porcine IECs with L.
rhamnosus CRL1505 induced expression of higher level of IFN-
β, in response to PolyI:C (17). Moreover, probiotic B. longum
SPM1206 and L. ruminis SPM0211 induced IFN-β expression in
mice and Caco2 cells infected with RV (36).

In addition to the production of anti-viral cytokines,
immunobiotics have been shown to improve protection against
inflammatory condition or viral infection by regulating the
expression of pro-inflammatory cytokines/chemokines (3, 16).
We also found that LABs were able to reduce expression of
pro-inflammatory cytokines (IL-6, IL-8, MCP-1, and IL-1β) in
HCCT116 cells stimulated with PolyI:C. Production of these
cytokines has also been reported to play crucial roles in host
innate response against virus infections. The expression of
pro-inflammatory cytokines (IL-6 and IL-8) was up-regulated
in epithelial cells infected with RVs (37, 38), and infection
of HT-29 cells with RVs increased the IL-8 level, which is
dependent on protein kinase activity and NF-κB activation
(37, 38). Clemente et al. (39) found that the infection of
epithelial cells with RVs induced production of IL-6 and IL-
8 via activation of the MAPK pathway. Porcine IECs cells
treated with L. acidophilus and L. rhamnosus GG reduced
the level of IL-6 and mucin, and increased TLR2 level in
response to RV (22).

During the host infected with virus, the activation of TLR
signaling increases expression of type I IFNs, which induces
transcription of several IFN-stimulated genes (ISGs) that encode
proteins with potent antiviral effector functions to block viral
replication (40). MxA and RNase-L proteins are promising
IFN-induced proteins with broad anti-viral activity against
several different DNA and RNA viruses (13, 41). Myxovirus
resistance protein (MxA) mainly targets viral nucleoproteins
for its attachment, and reduces replication and intracellular
proliferation of viruses. RNase L (2′-5′ oligoadenylate dependent
endoribonuclease) is believed to contribute role in the anti-viral
activity of IFNs and the stability of IFN-induced genes such
as ISG (13). 2-5A oligoadenylate synthetase (OSA), especially
OSA1, activates the latent form of RNase L, and thus, causes
the cleavage of viral RNA and inhibits viral replication and
proliferation. Furthermore, viral protein (VP3) derived from

RVs has been shown to inhibit RNase L activity by cleaving 2-
5A (42). Previous studies reported that immunobiotics have the
ability to improve expression of these IFN stimulated antiviral
proteins (MxA andOAS) along with higher level of IFN-β (3, 43).
We also found that cells stimulated with LABs increased MxA
and OAS1 levels in response to PolyI:C. Similarly, L. delbrueckii
TUA4408L and B. infantis MCC12 increased the expression of
these antiviral proteins in bovine and porcine IECs (29, 43).
Viruses have evolved mechanisms to eradicate host immune
system by interacting with PRR receptors that mediate signaling
cascades to develop antiviral immunity (41). RIG-1 and TLR3 are
RRR receptors that can initiate signaling cascades for IFN-β up-
regulation (44) The pre-exposure of cells to LABs increased the
expressions of RIG-1 and TLR3, which confirmed the antiviral
effects of LAB strains in vitro (3).

The intestinal barrier is a tight structure that provides
protection against harmful environments, but it has been
reported to be dysfunctional that associated with paracellular
permeability in several diseases. Tight-Junction (TJ) proteins
are the responsible components that connect IECs with
neighbor cells and control paracellular gut permeability (45).
Administration of PolyI:C has been shown to induce severe
mucosal damage in the mouse small intestine of mice, which is
probably due to the activation of TLR3 signaling by PolyI:C (46).
Our study showed that the presence of LAB strains increased
the level of TJ proteins (ZO-1 and occluding), indicating that
LABs have the ability tomaintain gut-barrier integrity and reduce
gut dysfunction. Intestinal epithelium acts as a mucosal barrier
that mediates signaling to underlying immune cells by sensing
antigens and intestinal changes (47). Cross-talk between these
two cells is an important feature that helps maintain the mucosal
barrier and provides protection against infectious diseases and
harmful environments. In a Transwell experiment, basolateral
treatment of RAW264.7 cells with lipopolysaccharide increased
the productions of TNF-α and IL-8 in Caco2 cells that were taken
in apical side (48). Another in vitro study, it was reported that in
response to commensals, IECs were able to stimulate underlying
dendritic cells (DCs) by secreting several inflammatory proteins
(49). TNF-α is a pleiotropic pro-inflammatory cytokine, which
has been shown to play critical roles in the pathogeneses
of several diseases, including viral infections. In response to
PolyI:C, bone marrow derived macrophages, Raw264.7, and
THP-1 cells increased TNF-α production in vitro (50, 51). IL-
10 is a prime anti-inflammatory cytokine that plays key roles
in the maintenance of gut hemostasis and innate immunity and
in the pathogenesis of IBD (52). Through co-culture study, we
found that LAB strains improved the cross-talk between IECs
and THP-1 cells, which resulted in decreased levels of pro-
inflammatory cytokines (TNF-α, IL-1β) and increased levels of
anti-inflammatory cytokine (IL-10) and INFs. These results were
consistent with those of other study (53), in which HT-29 cells
stimulated with three probiotics strains (L. helveticus R0052, B.
longum subsp. infantis R0033, B. bifidum R0071) decreased the
level of TNF-α and IL-8 in response to PolyI:C.

TLR activation is an important process that could be involved
in the development of infectious diseases. Once it activated,
several intracellular proteins actively participate in control
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FIGURE 11 | Schematic model for the mechanisms involved in the antiviral activity of L. plantarum, W. cibaria, and L. sakei in vitro.

of hyper-activation of TLR signaling pathways by negatively
regulating the transcription of TLR genes. Tollip, SIGIRR, A20,
and IRAK-M are the potent negative regulators that have been
shown to attenuate over activation of TLR signaling in IECs
(54). High levels of Tollip may prevent inflammatory cytokine
production by commensal bacteria in the gut (55), and the
knockdown of Tollip increased the expression of inflammatory
cytokines and activation of NF-κB in Caco-2 cells (56). SIGIRR
is a transmembrane receptor that may be expressed by IECs
and immature DCs derived from gut. Polentarutti et al. (57)
reported that SIGIRR overexpression could inhibit IL-1 and IL-
18 mediated NF-κB activation in DCs, and thus, it playing a
role in the regulation of intestinal inflammatory response. In
another study, the expression of SIGIRR in IECs attenuated
exaggerated inflammatory response and promoted commensal
bacteria colonization against intestinal pathogens, indicating a
close relationship exists between commensal bacteria, and IECs
(4). A20 is a zinc-finger protein and its knockdown in mouse
macrophage increased the inflammatory cytokine expressions in
response to TLR2 and TLR3 ligands (4). In addition, the presence
of A20 has been reported to suppress TLR3-mediated activation
of IRF3 in transfected cells (58). In view of these observations, we
evaluated the expressions of TLR negative regulators in HCT116
cells stimulated with PolyI:C. Exposure of cells to LABs were able
to modulate expression of negative regulators of TLR signaling
in HCT116 cells, which indicate LAB mediated attenuation of
inflammatory response in vitro. Similar results were observed in
other studies for B. infantis MCC12 and B. breve MCC1274 (3),

L. delbrueckii OLL1073R-1 (18), and L. delbrueckii TUA4408L
(29). During viral infections, PRRs of host cells activate IFN
regulatory factors (IRFs) that regulate the production of IFN-
β (44). In particular, NSP-1 (a non-structural protein of RVs)
has been reported to have high affinity for IRF3, which results
in proteasome-dependent degradation of transcription factors
(59). In the present study, as we expected, challenging of
HCT116 cells with LABs increased the phosphorylation of IRF3
in response to TLR3 agonist. Furthermore, NF-κB pathway is an
important TLR signaling pathway and its activation increases the
production of inflammatory cytokines in vitro and in vivo (60).
Therefore, we also analyzed activation of the NF-κB pathway
in HCT116 cells. We found that LAB strains down-regulated
p-IκB-α, indicating that LABs were able to attenuate PolyI:C
induced viral and inflammatory response by modulating IRF3
and NF-κB pathways (Figure 11). Similar results were obtained
by Kim et al. (30), who reported that lipoteichoic acid of L.
plantarum attenuated PolyI:C mediated NF-κB activation in
porcine IPEC-J2 cells.

In conclusion, our study demonstrated that in vitro exposure
of different LAB strains beneficially modulates innate antiviral
immune responses induced by PolyI:C in HCT116 cells. LABs
significantly up-regulated the mRNA level of IFN-β and down-
regulated IL-6, IL-8, MCP-1, and IL-1β levels by modulating the
expressions of negative regulators of TLRs and the activations of
IFR3 and NF-κB pathways. Our results also show that cells co-
treated with LABs and PolyI:C improved the gut barrier integrity
by maintaining of TJ proteins in vitro, suggesting LABs might
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protect IECs from harmful environments in vivo. Furthermore,
our co-culture study showed that LABs indirectly modulated
TLR3 triggered innate antiviral response in monocyte-derived
macrophages. Overall, LABs protected cells from PolyI:C in vitro,
and an additional study will be performed to determine whether
these findings are duplicated in vivo.
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The molecular mechanisms underlying the cellular uptake of long-chain fatty acids and

the regulation of this process have been debated in recent decades. Here, we established

an intestinal barrier dysfunction model in mice and Caco2 cell line by Lipopolysaccharide

(LPS), and evaluated the fatty acid uptake capacity of the intestine. We found that LPS

stimulation restricted the absorption of long chain fatty acid (LCFA), while Cathelicidin-WA

(CWA) pretreatment facilitated this physiological process. At the molecular level, our

results demonstrated that the stimulatory effects of CWA on intestinal lipid absorption

were dependent on cluster determinant 36 and fatty acid transport protein 4, but

not fatty acid–binding protein. Further, an enhanced intestinal barrier was observed in

vivo and in vitro when CWA alleviated the fatty acid absorption disorder induced by

LPS stimulation. Mechanistically, peroxisome proliferator-activated receptor (PPAR-γ)

signaling was considered as a key pathway for CWA to enhance LCFA absorption

and barrier function. Treatment with a PPAR-γ inhibitor led to impaired intestinal barrier

function and suppressed LCFA uptake. Moreover, once PPAR-γ signaling was blocked,

CWA pretreatment could not maintain the stability of the intestinal epithelial cell barrier or

LCFA uptake after LPS stimulation. Collectively, these findings suggested that PPAR-γ

may serve as a target for specific therapies aimed at alleviating fatty acid uptake disorder,

and CWA showed considerable potential as a new PPAR-γ agonist to strengthen

intestinal barrier function against fatty acid malabsorption.

Keywords: cathelicidin-WA, fatty acids, intestinal barrier, PPAR-γ, lipopolysaccharides

INTRODUCTION

Long-chain fatty acids (LCFAs, FAs with 12–18 carbons and varying degrees of unsaturation),
stored as triglycerides in the body, serve several important functions in the human body (1).
First, LCFAs are one of the most important sources of energy, and could provide twice as much
energy as carbohydrates and proteins on a per weight basis (2). Second, dietary LCFAs are the
only source of essential fatty acids that serve as substrates for lipid biosynthesis, and protein
modification (1). Intestinal fatty acid absorption is a multistep process, that is associated with fatty
acid transporters on the apical membrane of enterocytes, including cluster determinant 36 (CD36),
plasma membrane–associated fatty acid–binding proteins (FABP), and a family of fatty acid
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transport proteins (FATP) 1–6 (3–5). Because of the metabolic
syndrome is related to cardiovascular disease, obesity, diabetes,
and cancer, many studies have focused mainly on identifying
cellular, physical/chemical, and genetic determinants of intestinal
fatty acid absorption in humans and laboratory animals (6).

It is generally known that before cholesterol and fatty acid
molecules can interact with their corresponding transporters
for uptake and absorption, they must pass through a diffusion
barrier (7, 8). Intestinal mucosa is a diffusion-limiting barrier,
that simultaneously promotes nutrient and water transport while
serving as a protective barrier, and neither property is absolute
(9).Wang et al. (7) found that epithelial mucin1 was necessary for
normal intestinal uptake and absorption of cholesterol in mice, as
evidenced by a 50% reduction in cholesterol absorption efficiency
in mucin1 knockout mice.

Cathelicidin peptides, a family of antimicrobial peptides, not
only exhibit antimicrobial activities (10), but also function as
immune regulators (11). Recently, cathelicidin peptides have
been found to protect intestinal epithelial barrier function
in infected mice (12, 13). Our previous study showed that
cathelicidin peptide (CWA) from snake attenuated EHEC-
induced inflammation and microbiota disruption in the intestine
of mice (14). Nevertheless, the effects of CWA on fatty acid
absorption and the underlying mechanisms remain unknown.

In this study, we characterized the effect of cathelicidin
peptide CWA on intestinal LCFA absorption during
Lipopolysaccharide (LPS) induced intestinal barrier dysfunction
in mice and Caco-2 cells. We present new evidence implicating
CWA as a potent stimulator of LCFA absorption in the
intestine and explore potential mechanisms through enhancing
peroxisome proliferator activated receptor (PPAR) γ- dependent
barrier function.

MATERIALS AND METHODS

Peptide Synthesis
Cathelicidin-WA (CWA) was chemically synthesized by
a standard solid-phase method using Automatic Peptide

TABLE 1 | Experimental design and scheme of the animal treatments.

Synthesizer (Aapptec, Louisville, KY, USA) from C-terminus
to N-terminus according to the sequence designed by our
laboratory (14). The synthetic CWA was purified by semi-
preparative HPLC, achieving 96% purity of the peptide and
characterized by analytical HPLC (Agilent 121 Technologies,
CA, USA). The peptide was dissolved in PBS and stored at
−80◦C until use.

Reagents
Ultrapure LPS from E.coli strain O55:B5, FD4 and
4,4-difluoro-5,7-dimethyl-4-bora-3a, and 4a-diaza-s-indacene-
3-hexadecanoic acid (BODIPY-C16) were purchased from
Sigma-Aldrich (St. Louis. MO, USA). Olive oil and palmitic acid
were purchased from Aladdin (Shanghai, China). Tyloxapol was
purchased from Sigma Aldrich (St. Louis, USA). GW9662 and
Rosiglitazone were obtained from Target Molecule (Shanghai,
China).The rabbit antibodies for β-actin, ZO-1, CD36, FATP4,
I-FABP, PPAR-γ were purchased from Proteintech (Wuhan,
China). The rabbit antibodies for occludin and claudin-1 were
obtained from Abcam (Cambridge, MA, USA). The secondary
antibody (goat-anti-rabbit IgG) was purchased from HuaAn
(Hangzhou, China).

Animals and Treatments
Forty C57BL/6male mice (5∼6 weeks of age) were obtained from
the Laboratory Animal Center of Zhejiang University. All the
mice were housed in plastic cages on a layer of wood shavings
with chow diet and water ad libitum under standard conditions.
The animals were allowed to acclimatize to the environment
for 1 week before the experiment. The animal experimental
protocol was approved by the Animal Care and Use Committee
of Zhejiang University.

As shown in Table 1, the mice were randomly divided into
four groups of 10 each: control, LPS treatment (10 mg/kg),
CWA pretreatment (5 mg/kg), and CWA+LPS (5 mg/kg CWA
pretreatment followed by 10 mg/kg LPS treatment). CWA was
injected intraperitoneally once daily for 6 days, whereas the
control and LPS groups were intraperitoneally injected with an
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TABLE 2 | Primer sequences for q-PCR.

Gene Sequence (5′
→ 3′) Genebank No.

IL-6 Forward: TCCTACCCCAATTTCCAATGCT NM_031168.2

Reverse: TGGTCTTGGTCCTTAGCCAC

TNF-α Forward: GCTCTTCTGTCTACTGAACTTCGG NM_013693.3

Reverse: ATGATCTGAGTGTGAGGGTCTGG

Occludin Forward: CAGGTGAATGGGTCACCGAG NM_008756.2

Reverse: CAGGCTCCCAAGATAAGCGA

ZO-1 Forward: GGGAAGTTACGTGCGGGAG NM_009386.2

Reverse: AGTGGGACAAAAGTCCGGG

Claudin-1 Forward: GGCCTTGGCTGTACCTTACC NM_016674.4

Reverse: GGAGCACCTTATCCCCGTTT

ApoA-IV Forward: GCGTGCAGGAGAAACTCAAC NM_007468.2

Reverse: GCTGGTCGATTTTTGCGGAG

CD36 Forward: GGCAACCAACCACAAATTAGCA NM_007643.4

Reverse: AAGGCTAGGAAACCATCCACC

FATP4 Forward: GACTTCTCCAGCCGTTTCCA NM_011989.5

Reverse: AGGACAGGATGCGGCTATTG

I-FABP Forward: ATGCCCACATGCTGTAGTTGA NM_007980.3

Reverse: AACCTAACCGCCTCACATGC

DGAT-1 Forward: TTTCCGTCCAGGGTGGTAGT NM_010046.3

Reverse: ATCTTGCAGACGATGGCACC

DGAT-2 Forward: GGCTACGTTGGCTGGTAACT NM_026384.3

Reverse: TCTTCAGGGTGACTGCGTTC

β-actin Forward: TGAGCTGCGTTTTACACCCT NM_007393.5

Reverse: GCCTTCACCGTTCCAGTTTTT

equal volume of sterile saline. On day 6, mice in the LPS and
CWA+LPS groups were intraperitoneally injected with LPS (10
mg/kg, 200 µL per mouse) 1 h after CWA or saline treatment,
and the other groups were injected with an equal volume of
saline. The lipid absorption assessment was performed 6 h after
LPS or saline injection, and the mice were administered 200 µL
olive oil (containing 30 mg/mL palmitic acid) by gavage and then
received an intraperitoneal injection of tyloxapol (15% in saline,
0.5 g/kg) 30min later. The mice were killed and blood samples
were collected by cardiac puncture 2 h after an oral fat bolus.

Cell Culture
The human colorectal cancer cell line Caco-2 cells (a generous
gift from Dr. Fengjie, College of Animal Science, Zhejiang
University) were obtained from Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) and cultured in DMEM-
F12 medium supplemented with 10% (V/V) fetal bovine serum
and antibiotics (100U/ml penicillin and 100µg/mL streptomycin
sulfate) at 37◦C in humidified incubator under 5% CO2 in air.

Intestinal Morphology
The proximal jejunum of the mice was fixed in 4%
paraformaldehyde and embedded by paraffin, followed by
slicing and staining with hematoxylin and eosin (H&E) or oil
red O staining solution. Images of the slices were obtained using
the Leica DM3000 Microsystem, then the villi height and crypt

depth were measured by Leica Application Suite Version 3.7.0
(Leica, Wetzlar, Germany).

Transmission Electron Microscopy
The tight junction structure was observed by TEM as previously
described (10). A jejunum specimen of ∼1 cm in length was
excised with a sharp scalpel and fixed in 2.5% glutaraldehyde for
4 h at 4◦C, followed by fixation in osmic acid and embedding
in epon. Ultrathin sections were obtained using a diamond
knife and stained with uranyl acetate and lead citrate before
examination by TEM (JEM-1011; JEOL USA). Digital electron
micrographs were acquired with a 1,024 × 1,024 pixel CCD
camera system (AMT Corp., Denver, MA).

Serum Lipids and Inflammatory Cytokines
To determine the concentration of TNF-α and IL-6 in
the serum, ELISA kits (Raybiotech, Guangzhou, China)
were used. The assays were carried out according to the
manufacturer’s instructions.

Determination of Fatty Acid Uptake in vitro
Caco2 cells were seeded in BIOCOAT Collagen I 96-well
plates (black wells, clear bottom) for 1 week because of the
differentiation process. The fatty acid uptake was evaluated by
intracellular BODIPY-labeled fatty acid as previously described
(15). Briefly, the cells starved for 1 h in MEM medium (without
phenol red), which was and replaced with 100 µL of a BODIPY-
C16 reaction mixture prepared in D-Hanks (5µM C1-BODIPY-
C16, 5µM fatty-free BSA and 3.9mM trypan blue, 50 µL
MEM medium). The plates were maintained in the dark and
incubated for 10min at 37◦C in 5% CO2. Then the intracellular
fluorescence was measured by a Molecular Devices SpectraMax
M5 plate reader following excitation at 485 nm and emission
at 528 nm. Fatty acid uptake differences were compared by the
relative fluorescence.

Measurement of Transepithelial Electrical
Resistance (TEER)
Caco-2 cells were grown on 12-mm Transwell filters (Corning,
NY, USA). When the TEER of cell monolayers became stable
(∼3 weeks later), they are ready to be studied. Then the
TEER of polarized Caco-2 cells were measured using Millicell-
ERS voltohmmeter (Millipore, USA) at 1, 3, 6, 12 h after LPS
stimulation. Changes were calculated as a percentage of baseline
TEER (0 h).

In vitro Intestinal Paracellular
Permeability Assay
Immediately after the last determination of TEER value, 100
µL of 4 kDa fluorescein isothiocyanate-labeled dextran (FD4,
1 mg/mL) was added to apical chamber. The transwell plates
were cultured at 37◦C for 30min, and then the concentrations of
FD4 in the basolateral chamber were determined at an excitation
wavelength of 480 nm and an emission wavelength of 520 nm
according to the standard curve, which was established from the
fluorescence of FD4 at concentration of 100, 200, 500, 1,000,
2,000, 3,000, 4,000, 5,000 pmol/L.
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RNA Extraction and Quantitative Real Time
PCR (q-PCR)
Total RNA was isolated using TRIzol reagent (Invitrogen, USA).
The concentration and purity of the RNA were evaluated using
NanoDrop2000 (Thermo Fisher Scientific, Waltham, USA).
Then 2 µg RNA was subjected to reverse transcription reaction
with random primers. q-PCR was performed with SYBR Green
master mix (Roche, Mannheim, Germany) using a StepOnePlus
Real Time PCR systems (Applied Biosystems, Foster City, USA).
The gene-specific primers for the q-PCR are listed in Table 2 and
the relative mRNA expression of the target gene was determined
using the 2-11Ct method.

Western Blot Analysis
Total protein extracts of scraped jejunal mucosa or cells were
harvested by Total Protein Extraction Kit (KeyGen BioTECH,
Nanjing, China). Equivalent amounts of protein were separated
by SDS-PAGE and electroblotted onto PVDF membranes
(Millipore, Bedford, MA, USA) followed by blocking with
5% fat-free milk. Then membranes were incubated overnight
at 4◦C with primary antibodies including ZO-1, occludin,
claudin-1, CD36, FATP4, I-FABP, PPARγ, and β-actin. After
washing with TBST, membranes were incubated with secondary
antibodies for 1 h at room temperature. The protein bands
were visualized with an ECL assay kit (Servicebio, Wuhan,

FIGURE 1 | Stimulatory effects of CWA on intestinal lipid absorption. The samples were collected 6 h after LPS withdrawal and 2 h after continuous intraduodenal fat

infusion in mice treated with tyloxapol. (A) Lipid droplets were stained with Oil red O in jejunum sections, bar = 100µm. (B) Electron microscopy images showing lipid

droplets in jejunum, bar = 1µm, red arrows indicate the positions of lipid droplets. (C) The concentration of palmitic acid in serum was analyzed by Gas

chromatography, n = 9, biological replicates. (D–H) The concentration of cholesterol (D), triglyceride (E), high density lipoprotein (F), low density lipoprotein (G), and

glucose (H) in serum were determined by commercial kit, n = 9, biological replicates. The data are expressed as the mean ± SEM; bars with different small capital

letters are statistically different from one another.
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China) and the band intensity was quantified by Image
J software.

Statistical Analysis
All statistical calculations were performed in GraphPad Prism 7
(San Diego, USA) and expressed as the mean ± SD. Data were
subjected to one-way ANOVA with Duncan’s multiple range test.
P < 0.05 was considered as statistically significant.

RESULTS

CWA Prevented the LCFA Absorption
Disorder in LPS-Treated Mice
To directly examine whether CWA facilitates the utilization
of LCFA, we measured intracellular triglyceride levels in the
intestine of mice that received palmitic acid orally. As shown
in the oil red O staining results (Figure 1A), some vacuolized
enterocytes on the remaining villus tops in mice treated with
LPS only contained a few fat droplets, while fat droplets
were completely absent in the villus interstitium, which was
significantly different from the control group. In contrast,
in CWA-pretreated mice, most enterocytes contained no fat
droplets while many small fat droplets were present in the
villus interstitium. As an independent validation, a similar
phenomenon was found by TEM observation (Figure 1B).

To substantiate this finding further, we found that the level
of palmitic acid was not different in LPS-treated mice with

or without CWA stimulation, but it increased significantly in
CWA only-treated mice compared to control mice (Figure 1C).
Although the levels of serum cholesterol were not changed
between treatments, the level of triglycerides, the main storage
form of fatty acids, in LPS-treated mice decreased markedly
in comparison with control mice, and CWA pretreatment
effectively alleviated the symptoms (Figures 1D,E). Moreover, we
analyzed glucose and lipid metabolites in the serum. As shown in
Figures 1F,G, compared with the control group, LPS stimulation
decreased high-density lipoproteins (HDL) and low-density
lipoproteins (LDL) levels, and CWA treatment prevented this
decrease. However, it was likely that glucose metabolism was not
sensitive to LPS and CWA stimulation (Figure 1H). These results
indicated that LPS restricted LCFA absorption in the intestine,
while CWA pretreatment restored the absorptive process during
LPS stimulation.

CWA Enhanced the Expression of Fatty
Acid Absorption-Related Genes in
LPS-Treated Mice
To investigate the genetic basis of the effect of CWA on
the absorption of LCFA, the expression of specific protein
transporters implicated in intestinal fatty acid absorption
was examined by q-PCR. We found that the expression of
CD36 and FATP4 decreased markedly after LPS stimulation,
while CWA pretreatment blocked the decrease in their
expression induced by LPS (Figures 2A,B). Conversely,

FIGURE 2 | CWA enhanced the expression of fatty acid absorption related genes in LPS stimulated mice. (A–F) q-PCR to quantify fatty acid absorption related

mRNA levels and results are presented relative to those of gapdh. (G) Immunoblot to determine the levels of CD36, FATP4, and I-FABP. The right panel shows the

relative levels quantified by densitometry and normalized to β-actin. The data are expressed as the mean ± SEM, n = 9, biological replicates; bars with different small

capital letters are statistically different from one another.
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FIGURE 3 | CWA prevented LPS-induced impairment of jejunum epithelium tissues. (A) Representative H&E-stained section from jejunum (Magnification, 100×),

Villus heights of the jejunum (left; n = 45 for each group of mice). (B) Electron microscopy images showing desmosomes in intestinal epithelium (Magnification,

25000×). (C–E) q-PCR quantified ZO-1 (C), Claudin-1 (D), and Occludin (E) mRNA abundance in jejunum and results are presented relative to those of gapdh, n = 9,

biological replicates. (F–I) q-PCR quantified mRNA abundance of IL-6 (F) and TNF-α (H) in jejunum, and Elisa determined serum concentration of IL-6 (G) and TNF-α

(I), n = 9, biological replicates. The data are expressed as the mean ± SEM; bars with different small capital letters are statistically different from one another.

and interestingly, compared with the control group, the
expression of intestinal fatty acid binding protein (I-FABP)
increased notably with LPS treatment, but no difference was
noted in CWA-pretreated mice (Figure 2C). However, the
expression of intestinal ApoA-IV, DGAT1, and DGAT2 upon
LPS stimulation did not change among any of the treatment
groups (Figures 2D–F).

Furthermore, Western blot analyses showed that exogenous

CWA increased CD36 and FATP4 protein levels in mice

treated with LPS, which was consistent with the qPCR

results (Figure 2G). Curiously, there was no difference

in the IFABP protein levels between each treatment
(Figure 2G). These experiments demonstrated that the
stimulatory effects of CWA on intestinal lipid absorption
were dependent on the fatty acid transporters CD36
and FATP4.

Effects of CWA on LPS-Induced Mouse
Intestinal Barrier Injury
Cathelicidin peptides improve the intestinal barrier function.
We investigated whether the improved fatty acid absorption
by CWA was related to its role in regulating intestinal barrier
function. As shown in Figure 3A, compared with the control
mice, increased villous height and decreased crypt depth were
observed in the jejunum after LPS challenge, whereas CWA
pretreatment attenuated the LPS-induced villous atrophy and
crypt hyperplasia.

Tight junction proteins (TJs) exert a primary role in
maintaining intestinal barrier function (9). To further
evaluate the protective effect of CWA on the barrier function,
transmission electron microscopy was used to observe TJ
structure. We found that LPS destroyed the TJ structure in the
jejunum, which was clearly prevented by CWA pretreatment
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FIGURE 4 | CWA (20µg/ml) accelerated absorption of Bodipy FA in LPS injured Caco-2 cell. (A) Effect of CWA on cellular permeability to FD4. (B) Effect of CWA on

TEER of a Caco-2 cell monolayer. (C) Western blot analysis of tight junction proteins in Caco-2 cell. (D,E) Effect of CWA on fatty acids uptake in Caco-2 cell. Caco-2

cells treated with medium in the presence of the Bodipy-C16 (8µM) for 5min. (D) The absorption level of Bodipy C16 was observed by confocal microscope.

(E) General level of Bodipy FA absorption was measured by Microplate reader. The data are expressed as the mean ± SEM, n = 3, biological replicates; bars with

different small capital letters are statistically different from one another.

(Figure 3B). Moreover, the expression of TJ markers, zonula
occludens (ZO)−1, occludin, and Claudin-1 were detected by
qPCR. All genes were downregulated in mice treated with LPS
alone compared with normal animals. Administration of CWA
increased the expression of all genes bringing it close to the level
of the control group (Figures 3C–E). Additionally, we found
that CWA attenuated the inflammatory response caused by LPS
stimulation. Compared with the control group, the LPS-treated
mice exhibited highly elevated expression of TNF-α and IL-6.
The administration of CWA to LPS-treated mice significantly
decreased these inflammatory mediators (Figures 3F–I). These
results further strengthen the evidence linking CWA and
intestinal barrier injury.

CWA Prevented LCFA Malabsorption in
LPS-Injured Caco-2 Cells
To understand the mechanism by which CWA promoted LCFA
absorption, a barrier-injured intestinal epithelial cell model
was established with Caco-2 cells cultured in Transwell plates.
Consistent with the in vivo findings, the results in Figure 4A

show only a 20% drop in TEER values compared to the
baseline values under LPS treatment conditions in the cells
pretreated with CWA, whereas an ∼40% decline was found
in the cells treated with LPS alone (Figure 4B). The effect of
CWA was further confirmed with a FD4 permeability assay
(Figure 4A). At the molecular level, we verified that CWA

pretreatment prevented the decreased expression of TJ markers
ZO-1, occludin, and Claudin-1 induced by LPS challenge
(Figure 4C). These results illustrated the protective effects of
CWA on LPS-induced intestinal barrier dysfunction in vitro.

4,4-Difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-
3-hexadecanoic acid (Bodipy-C16) is a fatty acid analog used
to study fatty acid uptake in cells (16). The incorporation
of this analog into cellular lipids is similar to that of native
LCFA. We used the fluorescent fatty acid analog Bodipy-C16
to measure the ability of the Caco-2 cells to take up fatty acids.
Notably, upon LPS stimulation, LCFA uptake was limited,
while CWA pretreatment dramatically increased the amount of
fatty acid uptake when compared to the LPS-challenged group
(Figure 4D). Similarly, the promotion of fatty acid uptake by
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FIGURE 5 | Effect of CWA on the expression and distribution of fatty acid transport proteins. (A) Western blot analysis of the expression of fatty acid transport protein.

The right panel shows the relative levels quantified by densitometry and normalized to β-actin. (B) Immunofluorescence analysis of the expression and distribution of

CD36. The data are expressed as the mean ± SEM, n = 3, biological replicates; bars with different small capital letters are statistically different from one another.

CWA in cells treated with LPS was further confirmed by confocal
microscopy with Bodipy-C16 (Figure 4E).

CWA Strengthened LCFA Absorption
Dependent on FATP4 and CD36
In humans and mice, CD36 is detected in epithelial cells of
the small intestine along the gastrocolic and crypt-to-villus axes
in a pattern paralleling that of other proteins implicated in
LCFA uptake (5, 17). First, the expression of specific protein
transporters implicated in intestinal fatty acid absorption was
examined by Western blot analyses. Consistent with previous
findings, no difference was noted in the protein levels of
IFABP (Figure 5A). Moreover, we found that CWA significantly
increased the expression of CD36 and FATP4, whose expression
was suppressed by LPS stimulation (Figure 5A).

Immunofluorescence visualization of CD36 suggested that
this protein is expressed on the membrane, poised for fatty
acid uptake (Figure 5B). LPS stimulation visibly decreased
the expression of CD36, which was prevented by CWA

pretreatment (Figure 5B). Thus, a potential mechanism by which
CWA promotes LCFA absorption is through increasing the
expression of CD36 on the membrane by means of enhanced
barrier function.

CWA Facilitated LCFA Absorption and
Barrier Function Through
PPAR-γ Activation
PPAR-γ signaling is required for both intestinal barrier function
and nutrient transport (18, 19). We hypothesized that CWA
enhanced barrier function and that LCFA absorption was
dependent on PPAR-γ. We first analyzed the expression of
PPAR-γ, and as shown in Figure 6A, CWA treatment activated
PPAR-γ in the presence or absence of LPS stimulation. To
test the hypothesis further, an inhibitor and agonist of PPAR-
γ were used. As expected, the inhibitor GW9662 inhibited and
the agonist rosiglitazone activated the expression of PPAR-γ
(Figure 6B). Furthermore, we found that CWA pretreatment
failed to maintain the stability of the intestinal epithelial cell
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FIGURE 6 | CWA facilitated intestinal fatty acid absorption and barrier function through PPAR-γ activation. (A) Effect of CWA on PPAR-γ activation. (B) Effects of

GW9662 and Rosiglitazone on PPAR-γ. The top panel shows the relative levels quantified by densitometry and normalized to β-actin. (C) PPAR-γ is essential to the

protection effects of CWA on FD4 permeation. (D) PPAR-γ activation ameliorates the LPS-induced TEER decrease. (E) PPAR-γ activation enhances intestinal fatty

acid absorption. (F) CWA facilitated intestinal fatty acid absorption dependent on PPAR-γ activation. Fatty acid uptake was assessed by intracellular fluorescence

intensity of Bodioy-C16. (G) CWA enhanced intestinal fatty acid absorption through activating PPAR-γ. Fatty acid uptake was assessed through intracellular

(Continued)
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FIGURE 6 | fluorescence intensity of BODIPY C16 by fluorescence microscope. (H) Western blot analysis of the expression of fatty acid transport proteins after

agonist or inhibitor of PPAR-γ treatment. The right panel shows the relative levels quantified by densitometry and normalized to β-actin. The data are expressed as the

mean ± SEM, n = 3, biological replicates; bars with different small capital letters are statistically different from one another. *P < 0.05, n.s. represented not significant.

barrier after LPS administration when PPAR-γ signaling was
inhibited (Figure 6C). Comparisons showed that the effect of
CWA was similar to that of rosiglitazone (Figure 6C). These
results indicated that CWA was a potential agonist of PPAR-γ.
Moreover, the effect of rosiglitazone on TEER was in line with
the effect of CWA, which further confirmed the conclusion that
PPAR-γ is a key factor in the effect of CWA on the intestinal
barrier (Figure 6D).

We further investigated the role of PPAR-γ in the process of
fatty acid uptake, which is closely related to barrier function.
Based on the result of fatty acid uptake ability, we found
that PPAR-γ activation resulted in enhanced fatty acid uptake,
regardless of LPS stimulation (Figure 6E). These findings were
validated with the PPAR-γ inhibitor (Figure 6F). Next, we
assessed the effects of CWA on fatty acid uptake upon LPS
challenge when the expression of PPAR-γ was suppressed. As
shown in Figure 6F, once the activity of PPAR-γ was inhibited,
CWAwas not able to maintain the absorption of fatty acids in the
cells treated with LPS. In addition, the above conclusions were
ascertained visually (Figure 6G). At the gene level, consistent
with our hypothesis, when the activity of PPAR-γ was inhibited,
the expression of FATP4 and CD36 were suppressed. Moreover,
the opposite effect was observed with PPAR-γ agonists, which
further verified the result (Figure 6H).

DISCUSSION

In our work, sufficient evidence has demonstrated that, in
addition to its protective effects on the intestinal barrier,
exogenous CWA may act as a PPAR-γ agonist controlling
intestinal LCFA absorption.More concretely, we established LPS-
induced intestinal barrier dysfunction models in mice and the
Caco2 cell line and evaluated the fatty acid uptake capacity of
the intestine, which still requires further investigation. Then,
we discovered that CWA, a cathelicidin peptide identified
in snakes, enhanced LCFA uptake, especially under the
pathological state of the intestine. Finally, the molecular
mechanism was elucidated, showing that CWA facilitated
intestinal fatty acid absorption by enhancing PPAR-γ-dependent
barrier function.

LCFAs are well-recognized as fundamental and essential
nutrients for human physiology. Most LCFAs are present
as esters in phospholipids and triglycerides, forms in which
they perform the vital functions of membrane maintenance
and energy storage. Our data suggested that CWA enhanced
intestinal LCFA uptake in vivo and in vitro, which was further
confirmed by the cellular triglycerides. However, CWA had no
effect on the glucose balance. These results indicated that there
were different absorption mechanisms between fatty acids and
glucose, which was dependent on glucose transporters, such

as GLUT family (20). There is debate about the overall fatty
acid uptake process and whether one or more membrane-
associated proteins could regulate cellular fatty acid uptake (21–
23). The theory that transfer to the cytosolic leaflet of the
membrane is carried out by a membrane-bound protein is
the proposed pathway for the movement of LCFA into cells
through the plasma membrane (24, 25). Numerous proteins
have been identified for the movement of LCFA across the
membrane, such as CD36, FATP, FABP, and caveolin-1 (26–
28). Our data suggested that CD36 and FATP4, but not IFABP,
were involved in the process of CWA regulating LCFA uptake.
To our surprise, unlike the protein level, LPS stimulation
significantly increased the mRNA level of IFABP. We speculated
that CWA may be involved in the translation of IFABP,
which still needs further study. Diacylglycerol O-acyltransferase
(DGAT1) 1/2, the key enzymes in triglyceride synthesis (29),
were not sensitive to CWA or LPS stimulation. The results
indicated that the beneficial effects of CWA were limited to
LCFA uptake.

A poorly understood feature of metabolic syndrome is that
it is associated with intestinal barrier dysfunction (8, 30).
The intestinal barrier is mainly composed of the mucus layer,
the epithelial layer, and the underlying lamina propria. Tight
junction (TJ) proteins are apical intercellular structures that
connect the intestinal epithelial cells and regulate paracellular
permeability (31, 32). The core TJ complex, consists of occludin,
ZOs, and members of the claudin family. TJ plays a critical
role in paracellular permeability by conferring selectivity to the
flow of ions, small molecules and solutes between cells, which is
important for the responsiveness of cells to directional stimuli
and transport functions (33). Therefore, we hypothesized that
CWA enhanced fatty acid absorption by strengthening barrier
function. As expected, from the results of H&E, TJ structure, and
the expression of a TJ marker, we found that CWA effectively
attenuated LPS-induced intestinal barrier dysfunction in the
jejunum. Furthermore, the results were confirmed in polarized
Caco-2 cells cultured in Transwell in vitro. Consistent with this
finding, previous studies have shown that the cathelicidin peptide
cathelicidin-BF attenuates the DSS-induced disruption of mucin
expression in the mouse intestine (34). Moreover, LL-37 can
enhance epithelial barrier function by regulating Rac1 activation
(35). This evidence indicated that the promotion of LCFA uptake
by CWA was closely related to its barrier regulation function.
However, the direct interaction needs to be further identified by
TJ marker gene knockdown.

PPAR-γ is a member of the nuclear hormone receptor
superfamily and a ligand-activated transcription factor (36, 37).
It plays a critical role in the control of not only adipocyte
differentiation, lipid metabolism and immunity but also the
barrier functions of epithelial and endothelial cells (37–40). In
the present study, in addition to CWA treatment enhancing the
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expression of PPAR-γ, similar effects on LCFA uptake and barrier
function were also found in cells treated with CWA and the
PPAR-γ agonist rosiglitazone. These results suggested that CWA
may be a potential agonist of PPAR-γ. More interestingly, once
PPAR-γ signaling was inhibited, CWA pretreatment could no
longer maintain LCFA uptake and the barrier function after LPS
stimulation. Therefore, PPAR-γ was indispensable for CWA to
regulate LCFA uptake through enhancing barrier function. Taken
together, our results demonstrate that exogenous CWAmay thus
provide a possible strategy for fatty acid absorption disorder in
pathologic conditions.
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Unmethylated cytosine–guanine dinucleotide (CpG) motifs are potent stimulators of

the host immune response. Cellular recognition of CpG motifs occurs via Toll-like

receptor 9 (TLR9), which normally activates immune responses to pathogen-associated

molecular patterns (PAMPs) indicative of infection. Oligodeoxynucleotides (ODNs)

containing unmethylated CpGs mimic the immunostimulatory activity of viral/microbial

DNA. Synthetic ODNs harboring CpG motifs resembling those identified in viral/microbial

DNA trigger an identical response, such that these immunomodulatory ODNs have

therapeutic potential. CpG DNA has been investigated as an agent for the management

of malignancy, asthma, allergy, and contagious diseases, and as an adjuvant in

immunotherapy. In this review, we discuss the potential synergy between synthetic

ODNs and other synthetic molecules and their immunomodulatory effects. We also

summarize the different synthetic molecules that function as immune modulators and

outline the phenomenon of TLR-mediated immune responses. We previously reported a

novel synthetic ODN that acts synergistically with other synthetic molecules (including

CpG ODNs, the synthetic triacylated lipopeptide Pam3CSK4, lipopolysaccharide,

and zymosan) that could serve as an immune therapy. Additionally, several clinical

trials have evaluated the use of CpG ODNs with other immune factors such as

granulocyte-macrophage colony-stimulating factor, cytokines, and both endosomal

and cell-surface TLR ligands as adjuvants for the augmentation of vaccine activity.

Furthermore, we discuss the structural recognition of ODNs by TLRs and the mechanism

of functional modulation of TLRs in the context of the potential application of ODNs as

wide-spectrum therapeutic agents.

Keywords: ligands, molecule, ODN, synergy, TLR

INTRODUCTION

The immune system provides biosecurity against aggression by pathogens. The human body
maintains impediments to prohibit entrance by microbes. Innate and adaptive components
are part of the immune system. Innate immune responses provide a prompt response by the
body. Innate immune reactions are mediated by Toll-like receptors (TLRs), a representative,
evolutionarily conserved group of proteins that are able to induce innate immune reactions,
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particularly against bacterial infections, through the recognition
of pathogen-associated molecular patterns (PAMPs) (1, 2), to
recognize and eradicate invading organisms (3). The germline-
encoded pattern recognition receptors (PRRs) recognize
conserved molecular patterns that activate the innate immune
system. This response is coordinated by specialized cells such
as basophils, dendritic cells (DCs), eosinophils, macrophages,
monocytes, natural killer (NK) cells, neutrophils, and NKT
cells (4). PRRs bind to molecular identification molecules,
fundamental structural molecules, or historical segments that are
preserved among microbes. This provides the innate immune
system with the ability to rapidly counter a comprehensive
scope of contagious agents that contact the dermis and
mucous membranes.

TLRs are an important family of PRRs that are activated
by PAMPs expressed by bacteria, viruses, fungi, and protozoa
(5, 6). PAMPs are the key molecules that mediate microbial
destruction by processes such as mobilization of phagocytes
to infected tissues and microbial killing. TLR family members
are classified into two types: cell membrane receptors and
endosome-associated receptors. Here, lipoprotein is derived
from gram-positive bacteria and induces signaling pathways
through TLR2 and other receptors (7, 8). Lipopolysaccharide
is a cell wall component of gram-negative bacteria that
induces signaling through TLR4 (9). Flagellin (a TLR5 agonist)
is derived from the cell wall of Saccharomyces cerevisiae.
Zymosan, an extract from S. cerevisiae, is recognized by
another heterodimer, TLR2/6. These TLR agonists act as potent
immune stimulators that activate adaptive immune responses
as well as recognize microbial components such as lipids,
lipoproteins, and flagella. Different types of TLR have different
recognition sites. TLR3 recognizes double-stranded RNA, and
TLR7/8 recognizes single-stranded RNA. On the other hand,
the recognition site of TLR9 is single-stranded synthetic
oligodeoxynucleotides (ODNs) or viral/microbial DNA. TLR9
also recognizes unmethylated cytosine-guanine dinucleotide
(CpG) motifs (10–13) expressed in the intracellular vesicles
of prokaryotic cells (e.g., endoplasmic reticulum, endosomes,
and lysosomes).

TLRs are part of a universal group of molecules that
consists of extracellular leucine-rich repeats and a cytoplasmic
Toll interleukin-1 receptor domain (14). TLRs recognize
PAMPs and have specific immune functions. TLR activation
initiates and maintains innate and adaptive immune pathways
in association with memory function (15). Adapters induce
signaling cascades that terminate in the stimulation of nuclear
factor kappa B, mitogen-activated protein kinase, and interferon
(IFN) regulatory factors 1, 3, 5, and 7 (16). Collectively,
these transcription factors induce a variety of cytokines, and
chemokines, some of which regulate cellular proliferation,
growth, and maintenance. Thus, TLRs are an important group of
receptors through which the innate immune system recognizes
invasive microorganisms. Here, we discuss the synergistic
activities of TLR1/2, TLR4, TLR2/6 with synthetic ODNs in the
immune system. Furthermore, we discuss the immune synergistic
phenomenon of TLRs in the context of the potential application
of ODNs as therapeutic agents.

OLIGODEOXYNUCLEOTIDES AS IMMUNE
MODULATORS

CpG ODNs
ODNs containing CpG motifs trigger host defense mechanisms
that involve both innate and adaptive immune responses.
TLR9 recognizes viral/microbial DNA containing CpG motifs,
triggering alterations in the cellular redox balance and the
induction of cell signaling pathways, includingmitogen-activated
protein kinase and nuclear factor kappa B (17). Bacterial DNA
serves as a PAMP, which is recognized by the vertebrate immune
system for coordination of immune responses correlated with
immunity (18). CpGs are extremely prevalent in prokaryotic
DNA, but rare in eukaryotic DNA (19, 20). Overall, CpG
hexamer motifs contain one or more CpG-deoxynucleotides,
and the number, position, spacing, and surrounding bases of
these motifs mediate their immunostimulatory activities (21–23).
These CpG-hexamer motifs also have species-specific activity,
which is determined by their structural features and length
(18, 24, 25). Another research group explored whether bacterial
DNA combines with other bacterial products to trigger the
secretion of interleukin (IL)-6, IL-12, IFN-γ, and IgM (26).
CpG motifs of synthetic ODNs stimulate B cells (18, 27), NK
cells (28, 29), and specialized antigen-presenting cells (APCs) to
multiply and/or secrete a variety of cytokines, chemokines, and
immunoglobulins (30–32). CpG class A (CpG-A) is particularly
effective at stimulating NK cells and inducing production of IFN-
α by plasmacytoid dendritic cells (pDCs), whereas CpG class
B (CpG-B) is an especially potent B-cell activator. CpG-driven
immune activation aggravates inflammatory tissue deterioration,
stimulates the advancement of autoimmune disorders, and
enhances lethal shock (33–37).

CpG DNA has been sought after as a therapeutic agent and
adjuvant immunotherapy for the treatment of cancer, asthma,
allergies, and infectious diseases, but this agent frequently
involves phosphorothioate or chemical modification. Such
modification may lead to imperfections owing to integral toxicity
combined with an ephemeral anticoagulant effect, induction of
the complement cascade, or inhibition of a primary fibroblast
growth component attached to surface receptors due to non-
specific protein binding (38). Therefore, CpG DNA can activate
Th1 cytokine production, which stimulates a cytotoxic T-cell
response with increasing Ig production; this has been observed
in the therapy of a wide spectrum of infections, including viral
infections and inflammatory disorders (21, 39–41).

Several classes of CpG ODNs exist and are based on structural
attributes and immunomodulatory actions. Examples include
CpG-A (also known as type D) (42), which induces secretion
of IFN-α and stimulates pDC maturation, and monomeric
CpG-B (or type K) (42), which induces production of tumor
necrosis factor (TNF)- α, promotes pDC maturation, and fully
stimulates B cells. Lastly, the dimeric CpG class C (CpG-
C) incorporates elements of both CpG-A and CpG-B, albeit
with intermediate strength. Different CpG ODNs are assembled
CpG-A or CpG-B/C with a phosphorothioate backbone to
avoid degradation by serum nucleases and to augment in vitro
and in vivo activity. Apart from CpG-A, CpG-B, and CpG-C,
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some researchers have suggested another unique class, P-class
CpG ODN (CpG-P) (41), which can induce IFN-α production
more than class C ODNs due to inclusion of two palindromic
sequences. Therefore, synthetic CpG ODNs are considered to be
promising immunomodulators (40).

Novel Synergistic ODNs
The immunosynergistic effects of ODNs have been established
in ODN research. Initially, research was conducted on the
immunomodulatory (43), immunosuppressive (44, 45), and
immunostimulatory (46) effects of ODNs. In 2017, Nigar
et al. explored a novel ODN (named “iSN34”) incorporated
into Lactobacillus rhamnosus, GGATCC53108, that has
synergistic effects on the immune response in CpG-
induced immune activation (47). The iSN34 sequence is
TTCCTAAGCTTGAGGCCT (48). Originally, we evaluated
inhibitory or suppressive ODN (iODNs) with a TTAGGG
motif. In 2013, Ito et al. successfully designed an effective
iODN (designated “iSG3”) and revealed that iSG3 has strong
immunosuppressive activity (49). As a synergistic ODN, iSN34
could be incorporated with CpG to trigger the production of
IL-6 and IL-6-secreting CD19+ B cells. Thus, iSN34 may be
an extraordinarily impressive adjuvant-mediated vaccine via
Th1 that defends against intracellular pathogens, or iSN34 may
provide antibody-mediated immunity compared to extracellular
pathogens (47). We also conducted further investigations
into the synergistic induction of IL-6 by the consolidation of
iSN34 with the cell wall components of bacteria (TLR1/TLR2,
TLR4) and fungi (TLR2/TLR6) (48). This review focuses on
the synergistic immune effects of combining CpG ODNs with
synthetic molecules associated with TLR ligands targeting
inflammation and autoimmune diseases.

IMMUNOTHERAPEUTIC APPLICATION OF
ODNS AND OTHER SYNTHETIC
MOLECULES

Prevention and Treatment of Innate and
Adaptive Immunity Dysfunction
Innate and adaptive immune responses are two key components
of the immune system. Innate immune feedback is recognized
as the body’s primary defense by which non-specific cells
engulf foreign organisms and molecules. Many cells of the
immune system (monocytes, macrophages, DCs, neutrophils,
eosinophils, basophils) along with NK cells and NKT cells
(50) harmonize this response. These specialized cells bind to
molecular signatures and are triggered by germline-encoded
PRRs, which are fundamental receptors that recognize molecules
that are conserved among microbes. This allows the innate
immune system to react expeditiously to an extensive spectrum
of organisms and protects the dermis and mucous membranes.
In the innate immune system, TLRs are recognized as pattern
recognition molecules. Alternatively, in the adaptive immune
system, APCs are frequently triggered by activation of TLRs,
are limited in mobilization, but maintain a remarkably antigen-
specific response. This is attained through T-cell and B-cell

receptors following somatic recombination. The innate immune
system effectively defends humans from an immense spectrum of
contaminants by relying on antecedent molecules. Moreover, the
innate immune system eliminates the infectious microorganisms
that trigger PRRs. Therefore, an equity between stimulation
and inhibition must be maintained to provide a secure and
potent immune response. Further investigation of the activity
and response of the innate immune system will support the
design of reliable and efficient therapeutic interventions.

In the vertebrate immune system, viral/microbial DNA that
acts as PAMPs coordinates immune responses involving both
innate and adaptive immunity. This stimulates the proliferation
of B cells and the production of cytokines such as IL-12,
IFN-γ, IL-6, and TNF-α, and of co-stimulatory molecules by
monocytes/macrophages, B cells, and DCs (51). In this context,
the ability of bacterial DNA to induce IL-6 is of particular
concern. Immunomodulatory CpG ODNs are currently being
assessed to establish the optimum induction of specific cytokine
profiles and the activation of individual and mouse immune
cells. In 2017, Nigar et al. demonstrated the immune synergistic
effects of a combination of a non-CpG ODN (iSN34) and
a CpG ODN (CpG-B). The activity of iSN34 was combined
with different types of CpG-ODNs. The synergistic effects
of iSN34 and CpG-B to stimulate the production of IL-6
would be an immensely effective adjuvant for Th1-mediated
vaccines. The combined activity may be advantageous for
the avoidance or treatment of inflammatory disorders such
as rheumatoid arthritis, inflammatory bowel disease, multiple
sclerosis, systemic-onset juvenile chronic arthritis, osteoporosis,
and psoriasis (52–54). The synergistic effects of iSN34 and CpG
ODN may have the unique ability to target the treatment of
systemic inflammatory diseases.

Use of ODNs as Immunotherapeutics
Against Inflammatory Diseases
Inflammation is a vital process in response to injury or infection
that occurs through a sequence of events to produce wound
healing and maintenance of normal tissue homeostasis. It is
a complicated process involving molecular mechanisms that
recognize specific molecular patterns associated with infection
or tissue injury. The inflammatory response is mediated by key
regulators that are proinflammatory molecules. Inflammation
involves the contribution of many enzymes and the infiltration
of heterogeneous cells that modify chemokine gradients as well
as the inflammatory response (55, 56).

Unwanted inflammation occurs regardless of whether
consolidation of TLR3/TLR9 agonists leads to IFN-α or B-cell
activation or the potentially immunoregulatory function of
IL-10 (57). In a model of measles virus pathogenesis, B-cell
proliferation and antibody secretion are suppressed not only
by maternal antibodies (58, 59), but also by T-cell responses
(60–64). The main mechanism of B-cell responses includes the
neutralization of live-attenuated vaccines, which reduces epitope
masking and interferes with the recognition of antigens by B
cells. Then, neutralizing antibodies can only produce a B-cell
response when the antibody can attach to the Fcγ IIB receptor
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(CD32) on the B-cell surface (65). In 2018, Nigar et al. reported
that association of iSN34 with TLR1/2, TLR4, and TLR2/6
induces IL-6, leading to a potent immune response (Figure 1A).
They also revealed that the effects highlight the potential of
TLRs, especially CD19+ cells, as managers of B-cell activation,
which performs a vital role in antigen-autonomous evolution
and immunology-induced activation of B cells. These results
suggest that inflammatory diseases can perhaps be treated by
targeting upstream progression in innate immune cells.

Vaccination
T-Cell Vaccination
T-cell lymphomas are infrequent, but antagonistic malignancies
can occur due to resistance to chemotherapy and chemotoxicity.
The combination of melanoma with recurrent spontaneous
CD8+ T-cell responses is of clinical concern. In all enrolled
patients, T-cell numbers improved following vaccination
with Montanite (incomplete Freund’s adjuvant, IFA) as an
adjuvant treatment, and marked T-cell responses, which
are associated with predominant generation of effector-
memory-phenotype cells, were observed. Consequently,
imiquimod induced a significant increase in the number
of key-memory-phenotype cells and larger percentages of
CD127+ (IL-7R) T cells in lymphoma, whereas imiquimod
and CpG-ODN synergistically induced the growth of effector
CD8+ T cells. Another investigation explored the T-cell
induction properties associated with various adjuvants (IFA,
imiquimod 5%) administered by unusual routes, such as
subcutaneous, intradermal, and intranasal. That study did not
report any autoimmune-related reactions after introducing
immunotherapy with anti-cytotoxic T-lymphocyte-associated
protein 4 antibody (ipilimumab) (66). By contrast, our data
emphasize that significant proportions of central memory
(CM)-phenotype cells (CD45RA−CCR7+) with enhanced
expression of CD127 were induced by imiquimod. Therefore,
in triggering the TLR7 agonist, imiquimod may elevate memory
differentiation and potential T-cell responses (67–69). Despite
the interest in memory cells, insufficient synthetic vaccines
have been developed for the treatment of lymphoma. The
generation of memory cells may depend on the canonical Wnt
pathway with β-catenin/T-cell factor-1, the mammalian target
of rapamycin, and AMP-activated protein kinase signaling
pathways (67–69). Here, we indicate that the combination of
imiquimod and IFA synergistically leads to the enhancement
of memory-phenotype cells. This article documented that
the synergistic effect of imiquimod and IFA may enhance
vaccine efficacy (70), which supports the idea that innate
immunity may be triggered via multiple microbe-associated
molecular patterns.

Measles Vaccines
CpG ODNs, which are generally recognized as present in
viral/microbial DNA, but are unusual in mammalian DNA,
enhance the innate immune response. ODNs and TLR ligands
synergistically induce an immune response by triggering different
signaling pathways and may affect antigen-dependent T-cell
immune memory. Viruses induce type-I IFN through TLR3,

TLR7, and TLR9. A combination of TLR3 and TLR9 agonists,
which enhance the induction of type I IFN, was tested and
found to fully activate the B-cell response after vaccination
when assigned to inhibitory MeV-specific IgG. This mechanism
suggests that TLR3 and TLR9 signal via the TIR-domain-
containing adapter-inducing IFN-α (TRIF)/interferon regulatory
factor (IRF)-3 and MyD88/IRF-7 pathways, respectively, as
well as IFN-α and IFN-β, respectively. The principal tenet is
that an amalgam of these agonists would result in greater
induction of type-I IFN because of the synergistic effects
mediated through the IFN receptor. This review suggests
that the measles vaccine may lead to an optimum antibody
response, even though it is reassembled with TLR3 and TLR9
agonists, which may have enormous potential for clinical control.
An essential issue that remains unresolved in vaccinology is
the inhibition of vaccination against transmittable diseases in
humans (71–77) and animals (78–86) by maternal antibodies.
In a recent review of measles vaccines in both patients and
cotton rats (61), a research group discovered a relevant model
of measles virus pathogenesis and affirmed that the proliferation
of B cells and secretion of antibodies are suppressed by
maternal antibodies (62). In addition, T-cell responses are
often noticeable (60, 63, 64, 66, 69). However, the suppressive
mechanisms of B-cell responses by maternal antibodies comprise
the neutralization of live attenuated vaccines. The neutralization
of live attenuated vaccines is not reasonable because the
immune response against protein vaccines is further inhibited
by maternal antibodies, and B-cell responses can also be
suppressed by non-neutralizing antibodies (69) and attach
to the Fcγ IIB receptor (CD32) on the surface of B
cells (87).

DNA Vaccine in a Mouse Model of B-Cell Lymphoma
B-cell lymphoma, also known as B-cell non-Hodgkin’s
lymphoma (NHL), comprises 90% of NHLs, which develop
from different stages of B-cell growth and development. NHL
is a diverse group of disorders that have divergent ancestral,
histologic, and clinical backgrounds. Patients with NHL initially
receive treatment with rituximab, a monoclonal anti-CD20
antibody, as well as cyclophosphamide, hydroxydaunorubicin,
oncovin, and prednisone. Looking only at lymphoma targets,
anti-CD20 contributes to B-cell deficiency through the following
three essential mechanisms: (i) initiation of apoptosis, in
which anti-CD20 inhibits intracellular signaling pathways;
(ii) initiation of complement-dependent cytotoxicity; and (iii)
approach to anti-CD20 targeted B cells (generally NK cells
or macrophages), thereby stimulating antibody-dependent
cytotoxicity (88).

The efficacy of cancer vaccines usually depends on the
essential strength of Th1 and Th2 responses prompted by
APCs and DCs, respectively. Th1-driven cytotoxic T-cell
responses are effective for eradicating tumor cells. However,
CpG ODNs, which are universally investigated TLR9 agonists,
enhance the Th1 response and likewise result in substantial
levels of the anti-inflammatory Th2-promoting cytokine IL-
10, which could counteract the increasing Th1 response.
Furthermore, concurrent immunotherapy with CpG ODNs
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FIGURE 1 | (A) CpG ODNs are synergistically activated with a novel ODN, iSN34, and other TLR ligands, such as Pam3CSK4 (TLR1/2), LPS (TLR4), and Zymosan

(TLR2/6). This synergy enhances IL-6 induction and activates B cells. (B) Co-delivery of CpG ODNs and different TLR ligands, synthetic molecules, and antibodies

produces an immunosynergistic response, which promotes the secretion of Type I/II-IFN cytokines and also the production of B cells. This leads to the generation of

tumor-specific antibodies, which may be useful for enhancing antitumor agents, cancer vaccines, and the immunoregulatory effects against inflammatory disorders, as

well as enhancing antiviral action and facilitating apoptosis. In contrast, the synergy of CpG and the synthetic molecule also activates NK cells, leads to cell lysis, and

is useful for preparing vaccines against virally infected cells.

and IL-10 siRNAs synergistically increases immune protection
through a DNA vaccine against B-cell lymphoma in a
prophylactic murine model. These outcomes suggest that
PAMPs can be administered to modulate TLR ligand-mediated
immune stimulation precisely in DCs through the co-delivery
of cytokine-silencing siRNAs, thereby boosting antitumor
immunity through an idiotype DNA vaccine in a mouse model
of B-cell lymphoma.

Cancer Immunotherapy
Immunotherapeutics Against Lewis Lung Carcinoma
The TLR9 agonist CpG ODN has shown promise as an
effective treatment for infectious disease, allergic disease and
to have encouraging antitumor activity mediated by the
stimulation of antitumor immunity in numerous animal models.
Increasing evidence has shown significant advances in cancer
immunotherapy, and numerous strategies have been developed
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to deliver a tumor-specific immune response (89). Here,
the synergistic effect of a TLR2-neutralizing antibody and a
TLR9 agonist CpG ODN was observed to advance coherent
immunotherapy against tumor metastasis. The mechanism of
action for this combination regimen has been investigated
(90). Metastasis treatment with CpG ODNs plus an anti-
TLR2 antibody synergistically suppressed and subsequently
improved infiltration of NK and cytotoxic T cells, reduced the
recruitment of type-2 macrophages and regulatory T cells, and
reduced the expression of immunosuppressive factors together
with transforming growth factor-β1, cyclooxygenase-2, and
indoleamine 2,3-dioxygenase. However, in a metastatic Lewis
lung carcinoma mouse model, CpG ODNs and an anti-TLR2
antibody regimen eradicated synergistic immunosuppressive
tissues from the tumor environment.

Immunosuppression by the TLR2 and TLR9 combination
regimen on host immune and tumor cells for controlling
metastatic behavior was associated with a nominal effect on
initial subcutaneously embedded tumor growth (91–94). In
2007, Krieg demonstrated that CpG ODNs have a promising
anticancer immunotherapeutic ability to trigger Th1 antibodies
in the innate and adaptive immune system. On the other hand,
TLR2 is an inimitable member of the TLR family because
it activates an immunosuppressive response in vivo (95). The
administration of CpG ODNs also improved the frequency of
NK and cytotoxic T lymphocyte (CTL) infiltration, secretion
of IFN-γ, and differentiation of M1 cells, but did not reduce
the number of regulatory T cells in the spleen (89). These
findings show that the synergistic effects of both CpG ODNs
and the TLR2-neutralizing antibody are the result of enhanced
immune cytotoxicity against tumor cells and show an anti-
metastatic effect.

Evaluation of Tumor Immunization
In this review, we discuss the synergistic activity of CpG
ODNs and stimulator of interferon gene (STING)-ligand
cyclic guanosine monophosphate-adenosine monophosphate
(cGAMP). The STING-cGAMP interaction and CpG ODNs
terminate NK cells, lead to production of IFN-γ, have similar
effects as IL-12 and type-I IFNs, and are differentially controlled
by IRF3/7, STING, and MyD88. The aggregation of CpG
ODNs and cGAMP is an effective type-1 adjuvant that leads
to robust Th1-type and cytotoxic CD8+ T-cell responses. In
murine tumor models, researchers administered intratumorally
vaccinated CpG ODNs and cGAMP synergistically, which
resulted in a significantly decreased tumor size. This treatment
thus functioned as an antigen-free anticancer agent. Moreover,
Th1 cells play vital roles in the generation of antitumor
immunity, which resulted in suitable activation and effector
functions of CTLs, including IFN-γ production (96, 97). Thus,
Th1 cells are the key inducers of type-1 immunity and are
preeminent in phagocytic activity (98, 99). An important feature
of CpG ODNs, mainly D-type CpG ODNs, is that they strongly
induce both type-I and type-II IFNs, and are also rather incapable
of inducing B-cell activation (42, 46). Taken together, these
findings indicate that the synergistic effects induced by K3
CpG and cGAMP may lead to potent activation of NKs and

induction of IFN-γ. However, these mechanisms partially rely
on IL-12 and type-I IFNs. This review also illustrates that the
synergistic effects of CpG ODNs and cGAMP result in a strong
antitumor agent, suggesting that synergy may be advantageous
for immunotherapeutic applications (100).

Treatment of B-Cell Chronic Lymphocytic Leukemia
B-cell chronic lymphocytic leukemia (B-CLL) is the most
prevalent adult leukemia, targeting mainly older individuals in
the U.S., Europe, and Australia (101). Its clinical progression
involves stroma-dependent B-CLL growth within lymphoid
tissue. Mongini et al. reported that high proliferator status
in vitro was linked to diminished patient survival with
immunohistochemical evidence of apoptotic cells and IL-15-
producing cells proximal to B-CLL pseudo-follicles in patients’
spleens. They also suggested that ODNs and IL-15 signaling
may synergistically promote in vivo B-CLL growth. B-CLL
depends on TLR9 signals, which led some researchers to
investigate whether in vitro exposure to CpG ODNs triggers the
proliferation of blood-derived B-CLL (102–104), and whether
co-stimuli may make TLR9 signals uniformly stimulatory
for B cells. IL-15, an inflammatory cytokine produced by
endothelial cells (105, 106), is a plausible candidate for
promoting the TLR9-triggered growth of B-CLL. However, this
cytokine is best known for its major effects on the growth
or survival of NK cells, CD8+ T cells, and intra-epithelial
γ/σ cells (107, 108). This suggests that the cooperation of
CpG ODNs and recombinant human IL-15 may boost the
response of B-CLL through TLR9 signaling and the survival
of carboxyfluorescein diacetate succinimidyl ester-labeled B-
CLL cells with approaches that have yielded important insights
concerning clonal growth and the activation-induced death of
normal human B cells (109–111).

CONCLUSION AND FUTURE
PERSPECTIVES

This review emphasized the immune activity of CpG ODNs
with synthetic molecules to produce an innate and adaptive
immune system response. Overall, the results show that the
incorporation of CpG ODNs and various synthetic molecules
improves humoral and cellular immune responses. Thus, the
synergistic effects of CpG ODNs enhance both Th1 and Th2
responses and advances maturation of APCs. This review
demonstrated the widespread immune response involving
CpG and different synthetic molecules such as granulocyte-
macrophage colony-stimulating factor (112), IL-15 (113), the
STING ligand (114), Gardiquimod (115), IL-10 siRNA (116),
poly (I:C) (57, 117, 118), encapsulated poly(γ-PGA-Phe) (119),
imiquimod (120, 121), TLR2-neutralizing antibody (95), and
iSN34 (47, 48) (Table 1). Furthermore, the application of
CpG ODNs and synthetic molecules as adjuvant treatment
was demonstrated to improve immunity even in cases with
weakened immune systems. Most of the representative studies
showed that CpG ODNs and other synthetic molecules induced
the immunogenicity of B-cell and effector T-cell responses,
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TABLE 1 | Synergistic effects of oligodeoxynucleotides combined with synthetic compounds on immunotherapy.

Synergistic

compounds

Activated immune

response

Stimulated cells Regulation of

cytokine expression

Immunotherapy References

CpG-ODN +GMCSF Enhanced Th1

response

CD80 and CD86

stimulation

Induced IL-6 and IL-12 Evaluation in tumor

immunization

(112)

CpG-ODN +IL-15 Significant rise in iCa+

followed by rapid

apoptosis

CD38+ progeny IL-2, IL-10 Treatment of B-CLL (113)

CpG-ODN

+STING ligand

Th1 response and

suppressed Th2

Induced CD8+ T cells IFN-γ, IL-12 Promising antitumor

agent

(114)

CpG-ODN +TLR2

neutralizing antibody

Enhanced infiltration of

NK cells and CTLs.

Reduced type-2

macrophages and

Tregs

Production of

CD8/CD4

Suppression of

TGF-β1,

cyclooxygenase-2, and

indoleamine

2,3-dioxygenase

Immunotherapeutic

against Lewis lung

carcinoma

(95)

CpG-ODN (1826)

+IL-10 siRNA

Enhanced Th1

response, also induced

Th2

CD86, CD80, and

CD40 were expressed

at a significantly higher

percentage on BMDCs

Upregulated IL-12 p35

and IL-12 p40 in

BMDCs

DNA vaccine in a

mouse model of B-cell

lymphoma

(116)

CpG-ODN (2216)

+poly I:C

(TLR3 ligand)

Enhanced Th1

response

Induced B-cell

response

Induced type I-IFN,

IL-6, and IL-10

Use as vaccine

Potential

immunoregulatory

function controlling

unwanted inflammation

(57, 118)

CpG-ODN +poly I:C

(TLR3 ligand)

+antigen

Maturation of mAPCs

in human immune cells

CD80 and CD86

stimulation

Induced IL-6, type

I/II-IFN, IL-12, and

TNF-α

Cancer prevention

vaccine

(117)

CpG-ODN

+γ-PGA-Phe

(TLR4 stimulator)

Synergistically

activated macrophages

and induced Th1

response

Antigen-specific

IFN-γ-producing T cells

Induced TNF-α Vaccine delivery and

adjuvant system

(119)

CpG-A +imiquimod

(TLR7 ligand)

Promoted memory cell

activation linked to DC

activation

Induced effector CD8+

T-cell responses

Upregulation of IFN-α T-cell vaccination

against infections and

malignant diseases

(120, 121)

CpG-ODN (1826)

+gardiquimod

(TLR7 ligand)

Induced macrophage

tolerance

Negative regulation of

SOCS1

Reduced TNF-α and

IL-6 expression

Impaired response in

chronic viral infection

(115)

CpG-ODN (MsST)

+iSN34

Enhanced Th1

response

Production of

CD19+ IL-6+ cells

Induced IL-6

expression

Prevention or treatment

of dysfunction of innate

and adaptive immunity

(47)

iSN34 +Pam3CSK4
(TLR1/2 ligand), LPS

(TLR4 ligand), and

zymosan

(TLR2/6) ligands

Enhanced Th1

response

Production of

CD19+ IL-6+ cells

Induced IL-6

expression

Use as agonists and

novel therapeutics for

inflammatory diseases

driven by

TLR-mediated immune

activation

(48)

This table lists representative examples of the synergistic activity of ODNs with other molecules and the immunomodulatory activity of the abovementioned immunosynergistic effects.

GMCSF, granulocyte macrophage colony-stimulating factor; B-CLL, B-cell chronic lymphocytic leukemia; TGF, transforming growth factor; CTL, cytotoxic T lymphocyte; Treg, regulatory

T cell; STING, stimulator of interferon genes; LPS, lipopolysaccharide; poly (I:C), polyinosinic-polycytidylic acid; DC, dendritic cell; IFN, interferon; SOCS1, suppressor of cytokine signaling

1; TNF, tumor necrosis factor; Pam3CSK4, synthetic triacylated lipopeptide; Th1, T helper type 1.

macrophage stimulation, and antigen-specific IFN-γ-producing
T cells. Therefore, the synergistic activity of CpG DNA
and the abovementioned synthetic molecules can induce Th1
cytokine production, thereby stimulating CTLs with increasing
Ig production. These activities play a role in the treatment
of an extensive spectrum of diseases, comprising cancer, viral
and bacterial infections, allergic diseases, and inflammatory
disorders (21, 35, 122, 123). Interestingly, these studies also
confirmed the clear synergistic activity of TLR9 agonist

CpG ODNs and different synthetic molecules (Figure 1B),
which may be effective for enhancing immunoregulation in
inflammatory disorders, or for heat-killed Brucella abortus
(HKBa) treatment, antitumor agents, DNA vaccines for B-
CLL, measles vaccines, T-cell vaccines, cancer vaccines, and
treatment of Lewis lung carcinoma, as well as antiviral action.
Patients administered adjuvanted vaccines produced stronger
antigen-specific serum antibodies and CD8+ and CD4+ T-cell
responses. Anticancer immunity was produced more quickly
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in cases immunized with CpG-adjuvanted vaccines (124).
However, the immune effects varied, and the effects of CpG
ODNs and other immune factors, such as the frequency of
NK cells or DCs, were seldom reproducible (100, 125–128).
Certainly, demonstrating that the vaccine/adjuvant formulations
(synergistic CpG ODNs and synthetic molecules) examined
reproducibly change the advancement of tumors is essential.
Of greater importance, the immune responses observed barely
corresponded to clinical assumptions.

Based on the results outlined above, we considered the
immunological aspects and ability of vaccine adjuvants to
be suitable for use in antitumor immunotherapy, because
the mechanisms of activity have been observed in vitro and
in vivo. Additionally, this combination should be evaluated
in vivo by estimating the initiation of antigen-specific T-
cell and B-cell responses after combination immunization
in an immunization model. Therefore, our results provide
insight into the processes of the associated response of
TLR9 and specific synthetic molecules, which potentially

encourage the immunotherapeutic and adjuvant equities
of their combination.
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Zinc is an essential micronutrient which regulates diverse physiological functions and

has been shown to play a crucial role in viral infections. Zinc has a necessary role in the

replication of many viruses, however, antiviral action of zinc has also been demonstrated

in in vitro infection models most likely through induction of host antiviral responses.

Therefore, depending on the host machinery that the virus employs at different stages

of infection, zinc may either facilitate, or inhibit virus infection. In this study, we show

that zinc plays divergent roles in rotavirus and dengue virus infections in epithelial

cells. Dengue virus infection did not perturb the epithelial barrier functions despite the

release of virus from the basolateral surface whereas rotavirus infection led to disruption

of epithelial junctions. In rotavirus infection, zinc supplementation post-infection did

not block barrier disruption suggesting that zinc does not affect rotavirus life-cycle

or protects epithelial barriers post-infection suggesting the involvement of cellular

pathways in the beneficial effect of zinc supplementation in enteric infections. Zinc

depletion by N,N,N’,N’-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN) inhibited

dengue virus and Japanese encephalitis virus (JEV) infection but had no effect on

rotavirus. Time-of-addition experiments suggested that zinc chelation affected both early

and late stages of dengue virus infectious cycle and zinc chelation abrogated dengue

virus RNA replication. We show that transient zinc chelation induces ER stress and

antiviral response by activating NF-kappaB leading to induction of interferon signaling.

These results suggest that modulation of zinc homeostasis during virus infection could

be a component of host antiviral response and altering zinc homeostasis may act as a

potent antiviral strategy against flaviviruses.
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INTRODUCTION

Zinc is the most abundant micronutrient after iron and zinc
deficiency rates in developing countries range from 20 to 30%.
Zinc is known to regulate the functions of about 10% of the
human proteome and a large number of physiological processes
that are zinc dependent have been identified and characterized
under conditions of zinc deficiency and supplementation.
Some of the predominant zinc-dependent functions such as
immune response, metabolism, nucleic acid synthesis and repair,
apoptosis and redox homeostasis act as important determinants
of host-pathogen interactions. As zinc homeostasis is closely
linked to the normal functioning of both prokaryotic and
eukaryotic cells, many pathogens are directly, or indirectly
affected by perturbations in zinc homeostasis. Zinc finger
proteins have been shown to play both proviral and antiviral
roles in a number of studies with different viruses (1–3). Previous
reports have also shown divergent effects of Zn2+ on virus
replication. Zinc inhibited RNA polymerase activity of a number
of viruses including coronavirus, arterivirus, rhinovirus, and
hepatitis C virus (4–9). Dengue virus (DENV), a mosquito-
borne, positive-strand RNA virus from the family Flaviviridae,
has emerged as one of the major public health concerns in
India and recent estimates suggest that over 60 million people
globally get infected with DENV every year (10). The crystal
structures of NS5 protein of DENV and West Nile virus have
identified zinc binding site in RdRp domain and propose an
important structural role for zinc ions in polymerase activity
(11, 12). Therefore, zinc is likely to play a prominent role
in the polymerase activity of DENV. One of the prominent
physiological functions of zinc is in the regulation of permeability
barrier functions in epithelial and endothelial cells. Although
many previous reports have focused on the pathogenesis of
dengue using vascular endothelial cells, the effect of dengue
virus infection on epithelial barrier functions has not been
characterized. Epithelial cells play a major role in dengue
transmission by mosquitos and animal studies indicate that
epithelial cells are active sites of virus infection and contribute
to pathogenesis (13, 14). Considering the important role of zinc
in epithelial barrier functions, we were interested in investigating
the effect of virus infection on epithelial barrier functions and
to test whether zinc has a functional role in epithelial cells
infected with dengue virus. We show that, similar to mid
gut epithelial cells in mosquitos, dengue virus infected human
intestinal epithelial cells, and was capable of exiting infected
cells from both apical and basolateral surface without disrupting
cellular junctions or affecting barrier functions unlike rotavirus
infection which disrupted the epithelial barrier. Addition of
ZnSO4 in the culture medium after virus adsorption had no
effect on viral titres or barrier functions. We utilized N,N,N’,N’-
tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN), a zinc-
specific chelator, to mimic acute zinc-deficiency in cell culture
models of infection and investigated the effect of zinc depletion
on DENV, Japanese encephalitis virus (JEV), and rotavirus (RV)
infections. In this study, zinc chelation showed an inhibitory
effect on DENV and JEV replication but had no effect on RV
infection. We further probed the mechanism of action of TPEN

and showed zinc chelation affect early stages of dengue life-cycle
by inhibiting DENV RNA replication. By RNA seq analysis we
observed that zinc chelation leads to induction of ER stress and
heat shock proteins, activation of NF-κB leading to upregulation
of a subset of type I interferon-dependent antiviral response
which specifically blocks DENV replication. Thus, our study
provides information on the role of zinc in flavivirus infection
and demonstrates that alteration of zinc homeostasis leads to
induction of an antiviral response involving ER stress and NF-κB
that specifically affects flaviviruses.

MATERIALS AND METHODS

Cells and Viruses
Caco-2, A549, Huh-7, BHK-21, C6/36, HEp-2, PS, and MA104
cells were cultured as described previously (15–17). Virus strains
used in the study and infection procedures has been described
before (15–17). DENV-2 New Guinea C strain was a kind gift
from Dr. Navin Khanna. Rotavirus was activated using 10µg/mL
trypsin (Worthington Biochemical Corporation) for 1 h at 37◦C.
Caco-2 cells were infected with activated virus at 0.5 MOI for 1 h
in serum-free medium. After adsorption cells were washed twice
with PBS and cells were grown in serum-free medium containing
trypsin at 0.5µg/mL. Throughout this study, we have used two
epithelial cell lines, Caco-2 and A549 cells as both these cells
support DENV infection. In all the experiments, Caco-2 cells
were infected with DENV at 10 MOI and A549 at 5 MOI. Most
of the experiments have been performed in both the cell lines and
we have obtained similar results. Plaque assay for DENV, JEV, and
RV was set up in BHK-21, PS, and MA 104 cells respectively as
described previously (15–17).

Treatment of Cells
Cells were treated with 0.5µM N, N, N′, N′-
tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN) (Sigma)
in serum-free media for chelation of intracellular zinc. Zinc levels
were measured by flow cytometry as described in the labile zinc
measurement section below. To study the effect of TPEN on virus
infection, 0.5µM TPEN was added in serum-free media after
infection. At indicated time points, supernatant was collected
for estimating virus titer by plaque assay and cells were collected
for western blotting or quantitative real-time PCR (qRT-PCR)
as described in the following sections. For time-of-addition
experiments, Caco-2 cells infected with DENV were treated with
TPEN at 8, 16, and 24 h pi. Supernatants were collected at 16 h
post-addition of TPEN for measuring viral titers. Cells were used
for RNA isolation and RT-PCR as described in the later sections.
For rescue experiments, cells were treated with DMSO or
TPEN for 4 h and medium containing TPEN was supplemented
with 10µM of ZnSO4/MnCl2/MgCl2/CuCl2/FeSO4. For pre-
treatment experiments, cells were treated with DMSO or 0.5µM
TPEN for 4 h. Cells were washed with PBS and infected with 10
MOI of DENV-2 and cultured for 24 h in DMEM containing
2% FBS without TPEN. For labile zinc recovery experiments,
cells were treated with TPEN for 4 h, washed twice with PBS
and cultured in serum-free medium for indicated periods and
labile zinc pools were measured by confocal microscopy or flow
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cytometry. For Salubrinal treatment, cells were infected with
DENV and, 1 h pi, culture medium was supplemented with
50µM Salubriinal along with DMSO or TPEN. Viral titres were
estimated at 24 h pi.

Labile Zinc Measurement by Flow
Cytometry
Cells were washed once with PBS after treatment or infection
following which they were detached using trypsin (80–120
µL) (Gibco) and collected by adding defined trypsin inhibitor
(Gibco). Cells were resuspended in DMEM without phenol red
(Gibco) supplemented with 2mM L-glutamine (Gibco) (staining
media). Cells were stained using either 5µM Fluozin-3-AM
(Molecular Probes) or 2.5µM ZinPyr-1 (ZP-1) (Santa Cruz) in
the staining media. For ZP-1 staining, medium containing 1mM
EDTAwas added to chelate any extracellular zinc during staining.
Cells were incubated for 30min at 37◦C in CO2 incubator and
mixed every 10min. For assessing cell viability, fixable viability
stain eFluor780 (Becton Dickinson Biosciences) was added to
the cells at 1:500 dilution prepared in the staining medium and
incubated for further 10min at 37◦C in the CO2 incubator. Cells
were washed using FACS buffer (PBS containing 0.25% FBS)
and acquired in FACS Canto II (Becton Dickinson). The amount
of labile zinc present in live cells was presented as the mean
fluorescence intensity of Fluozin-3-AM and ZP-1. Images were
quantitated using cellSens Software (Olympus).

Quantitative RT-PCR Assay
Caco-2 cells were infected with DENV-2 at a MOI of 10 for
1 h. Similarly, A549 cells were infected with DENV-2 at a
MOI of 5. After 1 h of virus adsorption cells were washed
twice with PBS and serum-free DMEM supplemented with
0.5µM TPEN was added. At indicated time points, supernatant
was collected for estimating viral titres by plaque assay and
cells were harvested for positive and negative strand detection
PCR as described previously (18). Briefly, RNA was isolated
using RNAiso Plus (Takara) as per manufacturer’s instructions
and reverse transcribed using forward or reverse primer. RT
product was further amplified using primer and probe mix
using TaqMan RNA-to-Ct one step kit (Applied Biosystems) as
described previously (19). GAPDH primer probe mix (Applied
Biosystems) was used as housekeeping control and used for
normalizing dengue genome levels. Data was analyzed using
11Ct method. Viral entry experiments were performed by
infecting Caco-2 cells with 10 MOI of DENV-2. One hour
after virus adsorption, cells were collected by trypsinization
and trypsin was inactivated by resuspending cells in complete
medium. Cells were washed twice with PBS and total RNA
was isolated and internalized DENV genome levels were
determined as described above. For interferon pathway, RNA
was isolated from cells at 4 and 8 h post-TPEN treatment and
the indicated genes were quantitated by SyBR green chemistry
using GAPDH as housekeeping control gene for normalization.
The list of primers used is provided in Supplementary
Information (Supplementary Table 1). Rotavirus genome levels
were quantitated as described previously (20).

Confocal Microscopy and Barrier Studies
Caco-2 and A549 cells were seeded at 30,000 cells per well in
3µm pore size polycarbonate membranes for 4 days. Media
was changed every alternate day and trans-electrical epithelial
resistance (TEER) was monitored using a chopstick electrode.
At day four, cells were washed with cold PBS and fixed in ice-
cold methanol for 20min at −20◦C. Cells were washed twice
using PBS followed by blocking using 0.2% BSA in IMF buffer for
5–10min at room temperature (RT). Cells were incubated with
antibodies against β-catenin (Sigma) and occludin (Invitrogen)
in IMF buffer (20mM HEPES pH 7.5, 0.1% Triton X-100,
150mM NaCl, 5mM EDTA, 0.02 % sodium azide) for 1 h at
RT followed by washing and incubation with Alexa flour 568
tagged secondary antibodies (Molecular probes) for 30min at
RT in dark. Cells were washed with IMF buffer three times and
stained with 4′,6-diamidino-2-phenylindole (DAPI) (Molecular
probes) at 1:10,000 dilution for 10min. Cells were washed with
PBS, mounted using antifade solution (Molecular probes) and
imaged using FV1000 fluorescence microscope (Olympus).

To assess the effect of zinc on epithelial barrier, Caco-2
and A549 cells were grown for 4 days in transwells. Cells
were washed with PBS and 2% medium containing ZnSO4 was
added apically, basolaterally, or both sides of the transwells.
TEER was monitored and cells were used for measuring zinc
uptake and viability by flow cytometry as explained in labile zinc
measurement section.

To assess effect of DENV and RV infection on epithelial cells
barrier, Caco-2 cells were grown in transwells for 4 days and
infected with DENV-2 and RV at 10 and 0.5 MOI, respectively
as mentioned above. TEER was monitored till 72 h pi for
DENV infection and 16 h pi for RV infection. Supernatants were
collected from both apical and basolateral surface for measuring
viral titres by plaque assay. Effect of zinc in rescuing RV induced
barrier damage was assessed by adding 50µM ZnSO4 in the
media of infected cells and measuring TEER and viral titres.

Cytotoxicity and Cell Proliferation Assays
Cytotoxicity was assessed by CytoTox 96 Non-Radioactive
Cytotoxicity Assay kit (Promega) which measures lactate
dehydrogenase (LDH) activity in the culture supernatants. As a
positive control for cytotoxicity, cells were lysed in 0.1% Triton-
X-100 and the cell lysate was used for LDH measurement. The
amount of LDH activity in the detergent-treated sample was
considered as 100% and the sample’s cytotoxicity was measured
relative to the detergent control. Cell proliferation was measured
using CellTiter 96 R© AQueous One Solution Cell Proliferation
Assay (Promega) as per the manufacturer’s instructions.

Electrophoresis Mobility Shift Assays
(EMSA)
Caco-2 cells were treated with DMSO or TPEN as described
above for 4 and 8 h. Nuclear extracts were prepared and processed
for EMSA as described previously (21). Briefly, nuclear extracts
(NE) were prepared after treating Caco-2 cells with 0.5µMTPEN
for indicated periods and normalized for protein concentration.
Thereafter, NE were incubated with NF-κB or Oct1 specific
probes and then were resolved on native PAGE gel. The gel
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images were acquired using PhosphorImager (GE, Amersham,
UK) and quantified in ImageQuant 5.2.

RNA Seq Analysis
Sample Preparation
Caco-2 cells were seeded in a 24-well plate at the cell density of
100,000 cells per well. On day 2 post-seeding, cells were washed
twice with PBS and serum-free DMEM containing DMSO and
TPEN (0.5µM) were added to respective wells and cultured for
4 h. After 4 h of treatment, media was removed and cells were
washed twice with PBS. Cells were collected in 300 µl RNA
lysis buffer (RNA prep kit-Zymo-R1051). RNA was prepared
according to the manufacturer’s instructions and eluted in 20 µl
nuclease-free water. One microgram of total RNA was used for
the construction of sequencing libraries using Illumina TruSeq
RNA Sample Prep Kit (Cat#FC-122-1001).

For library construction, total RNA is extracted from a
sample. After performing quality control (QC), passed sample
is proceeded with the library construction. The extracted RNA
with an RNA integrity number (RIN) of 7.0 was used for
mRNA purification. mRNA was purified using oligo-dT beads
(TruSeq RNA Sample Preparation Kit, Illumina) taking 1 µg
of intact total RNA. The purified mRNA was fragmented at
90◦C in the presence of divalent cations. The fragments were
reverse transcribed using random hexamers and Superscript II
Reverse Transcriptase (Life Technologies). Second strand cDNA
was synthesized on the first strand template using RNaseH and
DNA polymerase I. The cDNAs so obtained were cleaned using
Beckman Coulter Agencourt Ampure XP SPRI beads.

Library Construction
The sequencing library is prepared by random fragmentation
of the cDNA sample, followed by 5′ and 3′ adapter ligation,
after end-repair and the addition of an “A” base and SPRI
cleanup. The prepared cDNA library was amplified using
PCR for the enrichment of the adapter-ligated fragments.
Alternatively, “tagmentation” combines the fragmentation and
ligation reactions into a single step that greatly increases the
efficiency of the library preparation process. The individual
libraries were quantified using a NanoDrop spectrophotometer
(Thermo Scientific) and validated for quality with a Bioanalyzer
(Agilent Technologies). Adapter-ligated fragments are then PCR
amplified and gel purified.

Sequencing
For cluster generation, the library is loaded into a flow cell
where fragments are captured on a lawn of surface-bound
oligos complementary to the library adapters. Each fragment
is then amplified into distinct, clonal clusters through bridge
amplification.When cluster generation is complete, the templates
are ready for sequencing. Illumina SBS technology utilizes a
proprietary reversible terminator-based method that detects
single bases as they are incorporated into DNA template
strands. As all 4 reversible, terminator-bound dNTPs are
present during each sequencing cycle, natural competition
minimizes incorporation bias and greatly reduces raw error rates
compared to other technologies. The result is highly accurate

base-by-base sequencing that virtually eliminates sequence-
context-specific errors, even within repetitive sequence regions
and homopolymers.

RNA Seq Data Analysis
Stringent quality control of Paired End sequence reads of
all the samples was done using NGSQCTool kit (22). Paired
end sequence reads with Phred score >Q30 was taken for
further analysis. NCBI Homosapien Hg38 genome file was used
for read alignment and identification of transcripts. TopHat
pipeline (23) was used for alignment and Cufflink and Cuffdiff
pipeline (24) was used for identification of transcript coding
regions followed by quantitation and annotation using default
parameters. Unsupervised hierarchical clustering of differentially
expressed genes was done using Cluster 3.0 (25) and visualized
using Java Tree View (26). Gene ontologies and pathways
that harbor expressed transcripts were identified using DAVID
Functional Annotation Tool [DAVID Bioinformatics Resources
6.8, NIAID/NIH]. Differentially expressed transcripts between
Control and Treated samples were identified by CuffDiff data
analysis pipeline using a fold-change threshold of absolute
fold-change ≥1.5 and a statistically significant Student’s t-
test P value threshold adjusted for false discovery rate of
<0.001. Statistically significantly enriched functional classes with
a P value adjusted for false discovery rate of <0.05 derived
using the hypergeometric distribution test corresponding to
differentially expressed genes were determined using Student’s
t-test with Benjamini Hocheberg FDR test. The heat map for
display expression pattern were obtained using Cluster 3.0 for
normalizing and hierarchical clustering with average linkage
based on Pearson coefficients, followed by Java Tree-View 1.1
program for visualizing the analyzing datasets (25, 26).

Furthermore, analysis was performed to identify the
significant pathways, functions, and networks associated with
significantly differentially expressed gene transcripts by using
ingenuity pathway analysis (IPA) software (Ingenuity Systems,
Redwood City, CA, www.qiagen.com/ingenuity). Differentially
expressed (upregulated or downregulated) gene transcripts that
showed a minimum of 2 fold change in DMSO samples as
compared to that of TPEN treatment was imported to IPA for
the core analysis. These differentially regulated genes are known
as focus genes in IPA. A p-value was calculated using right-tailed
Fisher’s exact test to explain the significance of the pathways
related to our genes list and it was set at <0.05 (or score >

1.3 score = –lop P). Additionally, all dysregulated transcripts
were analyzed for the prediction of activation or inhibition of
canonical pathway based on z-score. IPA automatically calculates
the z-score in the range of ∼ −2< z >2 based on differentially
expressed genes from our dataset with the information stored in
IPA knowledge database. Positive and negative z-score suggests
the activation and inhibition of the pathway, respectively. The
pathways are displayed graphically as a collection of nodes i.e.,
gene transcripts and edges-the biological relationships between
the nodes. Different shades of red and green nodes reflect the
relative fold change of gene transcripts. IPA algorithm has given
white nodes to the genes not present in our list of differentially
expressed genes. Solid and dotted lines indicate direct and
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indirect interaction or regulation, respectively. Each line is has at
least one reference from the literature.

Data Analysis
Data was analyzed and charts were prepared using GraphPad
Prism software. All experiments were performed with two or
more replicates and graphs have been prepared representing data
from at least two independent experiments with n≥ 6. Error bars
represent mean ± SD. Statistical significance was estimated by
t-test (unpaired, non-parametric) using Mann-Whitney test.

RESULTS

Epithelial Barrier Functions Are Regulated
by Zinc Homeostasis
The role of Zinc on epithelial and endothelial permeability
barrier functions has been demonstrated by a number of in
vitro and in vivo studies. We were interested to test the effect
of zinc supplementation in the context of permeability barrier
functions in cells infected with viruses. We first examined the
barrier properties of two epithelial cell lines Caco-2 (colon)
and A549 (lung) by growing these cells on transwell inserts for
4 days and measuring the trans-epithelial electrical resistance
(TEER) every day. Caco-2 cells have been reported to have higher
expression of tight junction proteins and undergo differentiation
whereas A549 cells have lower TEER values and do not undergo
differentiation (27–30). As expected, the basal levels of TEER
was about 200-fold lower in A549 cells as compared to Caco-
2 on day 2, however, both cell lines showed an increase in the
TEER values with time in culture and started to plateau by day
4 (Supplementary Figures 1A,B). We stained these transwells
for occludin and β-catenin, a marker for tight junction and
adherens junction, respectively. A549 cells showed a diffused
and weak occludin staining while β-catenin staining showed a
typical adherens junction pattern. In Caco-2 cells, both occludin
and β-catenin showed a clear and intense tight and adherens
junctional staining, respectively (Supplementary Figure 1C). To
further determine the capacity to uptake Zn by these cells, we
added ZnSO4 in the apical medium and measured labile zinc
levels after 24 h in both the cells by flow cytometry by zinc
fluorophore, fluozin-3AM. Caco-2 cells showed a 3-fold increase
in labile zinc levels under these conditions whereas labile zinc
levels was unchanged in A549 cells (Figure 1A). These results
suggest that A549 cells have very poor zinc uptake capacity as
compared to Caco-2 cells. Therefore, all further experiments
were performed in Caco-2 cells. We next measured the effect of
zinc supplementation on barrier integrity in Caco-2 cells. Cells
were grown for 4 days and Zn was added either to the apical
medium or in the basolateral medium or in both the apical
and basolateral chambers for 24 h. Zn supplementation had no
effect in Caco-2 when added only in the apical or basolateral
medium. However, when both apical and basolateral medium
was supplemented with Zn, TEER values decreased significantly
(Figure 1B). We next verified Zn uptake under these conditions
bymeasuring labile Zn levels using fluozin-3AM, a cell permeable
zinc fluorophore, by flow cytometry and observed about 2.5-fold

FIGURE 1 | Role of Zn in barrier functions in Caco-2 and A549 cells. Caco-2

and A549 cells were seeded at 30,000 cells per well and cultured in 3.0µm

transwell inserts for 4 days. (A) Comparison of zinc uptake in Caco-2 and

(Continued)
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FIGURE 1 | A549 cells treated apically with 100µM ZnSO4 in 2% media for

24 h. (B) TEER of Caco-2 cells grown for 7 days treated with ZnSO4 at

100µM by apical, basolateral or apical + basolateral regions in 2% DMEM for

24 h. (C) Corresponding fold change in zinc levels in Caco-2 cells measured

by FLZ-3AM staining at 24 h post treatment. (D) Percentage of dead cells in

apical, basolateral, and apical + basolateral ZnSO4 treated Caco-2 cells at

24 h measured by live dead stain using flow cytometry. Data are from at least

two independent experiments and represent mean ± SD. *p < 0.05, **p <

0.01, ***p < 0.001.

uptake when Zn was added either on the apical or basolateral
side and 5.5-fold increase in labile Zn levels when Zn was added
in both apical and basolateral media (Figure 1C). To test if this
increase in intracellular zinc leads to compromise in cell viability,
we assessed cell viability by live-dead stain using flow cytometry
and observed around 15% cell death when Zn was added in
both apical and basolateral media suggesting that enhanced zinc
uptake may compromise cell viability (Figure 1D).

Dengue Virus and Rotavirus Differentially
Affect Permeability Barrier Functions
Gastrointestinal bleeding is a hallmark of severe dengue disease
and previous reports implicate inflammatory cytokines such as
TNF-α as a major player in this event (31). However, primate
models of dengue infection have shown gastrointestinal tract to
be one of the sites of virus replication but there have been no
investigations to assess the direct effect of dengue infection on
gut barrier functions (14). We examined the effect of dengue
infection on barrier integrity in Caco-2 cells grown on trans-
wells. Cells were infected with DENV-2 serotype at 10 MOI
and cultured for 3 days with TEER readings recorded every
24 hrs and supernatants collected from apical and basolateral
chambers for estimating viral titers. We observed no effect on
TEER in cells infected with DENV up to 72 h pi. Surprisingly,
dengue infected cells showed a significantly higher TEER values
at later stages infection (Figure 2A). Despite lack of any negative
effect on barrier functions, dengue virus was detected both in
the apical and basolateral chamber of infected cells as early
as 24 h pi and the virus titers steadily increased up to 72 h pi
(Figure 2B). These results suggest that dengue virus does not
directly disrupt epithelial barrier functions and is capable of
exiting infected cells from the basolateral membranes. We used
rotavirus (RV), which has been showed to infect Caco-2 cells and
disrupt barrier functions by previous studies (32), as a positive
control and observed that TEER was disrupted by RV infection
at 16 h pi (Figures 2C,D) further confirming that these cells were
not resistant to barrier disruption. We measured cell viability in
rotavirus infection at 16 h pi by live-dead staining using flow
cytometry and did not find any difference between mock and
RV infection suggesting that factors other than cytotoxicity are
responsible for disruption in the TEER (Figure 2E). Many Zn
supplementation trials suggest that Zn therapy is beneficial in
reducing the duration and severity in children infected with
RV (33). Since Zn addition alone did not impact permeability
barrier functions under our experimental conditions, we were
interested in assessing the function of zinc on barrier functions

in the context of RV infection. We next tested if addition of
zinc into the medium 1 h after virus adsorption would prevent
barrier disruption induced by RV. Cells were infected with 0.5
MOI of RV followed by apical treatment with 50µM ZnSO4

till 16 h pi. TEER dropped by about 60% in RV-infected cells
at 16 h pi but infected cells treated with Zn did not show
any improvement in the TEER suggesting Zn did not rescue
damaged barrier in cells post- infection in RV infected cells
(Figure 2F).

Zinc Chelation Specifically Inhibits
Flavivirus Infection
The essential role of Zn in cellular functions has been
demonstrated by many studies by using TPEN, a cell-
permeable Zn chelator (34–36). We sought to mimic zinc
deficiency in vitro using TPEN and determine the effect of
Zn depletion on DENV infection. Many previous studies have
shown around 70–80% depletion in labile Zn levels using
high concentrations of TPEN for short duration (37, 38).
We first measured the effect of increasing concentrations of
TPEN on cell proliferation. Cells were treated with 0.25,
0.5, 0.75, and 1µM TPEN for 24 h and cell proliferation
was assessed. We observed that TPEN concentration above
0.5µM affected cell proliferation (Figure 3A). Similarly, TPEN
treatment above 0.5µM showed cytotoxic effect and hence
all further experiments were performed with 0.5µM TPEN
(Figure 3B). We estimated zinc depletion by FACS by staining
with zinc fluorophore, ZP-1, after treatment with 0.125, 0.25,
and 0.5µM of TPEN for 4 h and found around 20 and
40% reduction in the mean fluorescence intensity of ZP-1
with 0.25 and 0.5µM TPEN, respectively (Figure 3C). Next,
Caco-2 cells were infected with DENV (10 MOI) or JEV (3
MOI) or RV (0.5 MOI) and after 1 h of virus adsorption,
cells were cultured in serum-free medium containing DMSO
(vehicle control) or 0.5µM TPEN. Viral titers in the supernatant
were measured by plaque assay at 24 h pi (for DENV and
JEV) or 16 h pi (for RV). Zinc depletion by TPEN led to
a substantial reduction in viral titers for both flaviviruses,
DENV and JEV, but had no effect on RV titers in Caco-2
cells (Figures 3D–H). These results indicate that zinc chelation
by TPEN, which results in moderate depletion in the labile
zinc levels under our experimental conditions, has a drastic
negative effect on flaviviruses but not on rotavirus suggesting
that the cellular zinc levels have a differential effect on the
life-cycle of positive (DENV and JEV) and double-stranded
(RV) RNA viruses. TPEN binding has been shown to be
highly specific to zinc; however, it has also been reported
to bind to other metal ions albeit with far lower affinities
(39). To further verify the specific role of zinc chelation by
TPEN in DENV replication, we performed supplementation
experiments after TPEN treatment. We assessed whether the
effect of TPEN can be blocked by addition of salts of Zn or
other divalent cations such as magnesium (Mg), manganese
(Mn), copper (Cu), or iron (Fe). Caco-2 cells were treated
with TPEN for 4 h after infection with DENV-2. After 4 h
treatment, the culture medium was supplemented with 10µM
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FIGURE 2 | Effect of RV and DENV infection on epithelial barrier functions. Caco-2 cells were grown on transwell inserts for 4 days. Cells were infected with RV and

DENV-2 at 0.5 and 10 MOI, respectively and TEER was measured. (A) TEER of DENV infected Caco-2 cells compared to mock measured till 72 h pi (B)

Representative DENV titres determined by plaque assay and represented as pfu/ml at indicated time points. (C) TEER of RV infected Caco-2 cells compared to mock

at 16 h pi (D) Representative RV titres determined by plaque assay and represented as pfu/ml at 16 h pi. (E) Viability of Caco-2 cells infected with RV as compared to

mock measured by live dead staining using flow cytometry (F) TEER at 16 h pi of Caco-2 cells grown in transwells and infected with RV followed by addition of 50µM

ZnSO4. Data are from at least two independent experiments and represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

of ZnSO4/MnCl2/MgCl2/CuCl2/FeSO4 and viral titers in the
supernatant was measured by plaque assay at 24 h pi. We
observed that only ZnSO4 blocked the inhibitory effect of zinc
chelation (Figure 3I). These results confirm that the inhibitory
effect of TPEN is specifically due to zinc chelation.

Zinc Chelation Affects DENV RNA
Replication
To further demonstrate the mechanism of action of TPEN
treatment in DENV infection, we performed time-of-addition
experiments. We added TPEN at 8, 16, and 24 h pi and viral

titers were measured after 16 h treatment at each time point.
We observed a significant reduction in viral titers when TPEN
was added at any of the time-points indicated above, however,
the reduction in viral titers was more drastic at early stages
of viral infection (Figure 4A). DENV is a positive strand RNA
virus which replicates via negative strand RNA intermediates.
Therefore, estimating the quantity of negative strand RNA is
a direct measure of virus replication. We next measured the
positive and negative strand viral RNA in total RNA isolated
from cells from the time-of-addition experiments by RT-PCR.
The amount of positive and negative strand RNA increased
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FIGURE 3 | Zinc depletion specifically inhibits flavivirus infection. Caco-2 cells were treated with indicated concentrations of TPEN and incubated for 24 h. Cell

proliferation (A) and cytotoxicity (B) was measured as described in the methods section. (C) Caco-2 cells were treated with indicated concentrations of TPEN and

incubated for 4 h and amount of zinc depletion was measured by FACS using ZP-1. (D) Caco-2 cells were infected with DENV (10 MOI) or (E) JEV (3 MOI) or (F) RV

(0.5 MOI) followed by treatment with TPEN at 0.5µM. Viral titers in the culture supernatants were determined by plaque assay at 24 h pi for DENV and JEV; at 16 h pi

for RV. Representative experiments are shown in D-F. Compilation of data from two or more experiments is shown for viral titers (G) and RT-PCR (H). (I) Caco-2 cells

infected with DENV were treated with TPEN after virus adsorption for 4 h followed by addition of 10µM of ZnSO4/MnCl2/MgCl2/CuCl2/FeSO4 into the media. Viral

titres were determined at 24 h post-addition of salts. All the data are from at least two independent experiments and presented as mean ± SD. ****p < 0.0001. ns, not

significant.

to over hundred-fold in DMSO treated samples after 16 h of
treatment relative to the time of treatment initiation, however,
there was very minimal increase in viral RNA in TPEN-treated
samples suggesting that zinc chelation affected viral replication
(Figures 4B,C).

We further confirmed the effect of zinc chelation at early
stages of viral replication by treating cells for short duration

(2 and 4 h) after virus adsorption. Cells were further cultured
in the absence of the inhibitor for 24 h pi. Total RNA was
isolated and positive and negative strand RNA was measured.
We observed a significant decrease in the amount of plus and
minus strand RNA in TPEN treated cells in a time-dependent
fashion where >80% reduction in RNA was observed in cells
treated with TPEN for 4 h (Figures 4D,E). This data clearly
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FIGURE 4 | Zinc chelation perturbs DENV replication. (A) Caco-2 cells were infected with DENV and TPEN was added at 8, 16 and 24 h pi. Viral titers in the culture

supernatants were determined after 16 h of treatment. (B) DENV positive and (C) negative strand levels were quantitated by qRT-PCR. Data are presented as fold

increase is relative to the samples collected at the time-of-addition of TPEN. Caco-2 cells were treated with DMSO or TPEN (0.5µM) for 2 and 4 h pi. After treatment

media was replaced with serum-free medium and cells were collected at 24 h pi for estimation of (D) positive and (E) negative strand RNA by qRT-PCR. Data are

presented as relative fold change in positive or negative strand RNA between DMSO and TPEN treatment. GAPDH mRNA levels were used for normalization. (F)

Caco-2 cells were treated with DMSO or TPEN (0.5µM) for 4 h pi. After treatment, media was replaced with serum-free medium and recovery in labile zinc levels were

estimated by FACS at indicated time points after media addition by ZP-1 staining. Data are from at least two independent experiments performed with two or more

replicates. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

demonstrates the requirement of cellular zinc or zinc-dependent
processes for DENV RNA replication post-entry. We further
estimated the time required for recovery of labile zinc pools
after removal of TPEN in the medium. We observed that the

labile zinc levels recovered to about 90% of DMSO controls
within 2 h of replacing the medium suggesting that transient zinc
chelation may activate pathways that counter dengue replication
(Figure 4F).
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FIGURE 5 | Zinc chelation prior to DENV infection inhibits DENV infection. (A) Caco-2 or A549 cells were treated with DMSO or TPEN (0.5µM) for 4 h prior to DENV

infection. Infected cells were cultured for 24 h in the absence of TPEN and viral titers in the supernatant was measured by plaque assay and (B) DENV RNA was

quantitated by qRT-PCR. (C) Cells pre-treated with TPEN and infected with DENV were collected by trypsinization 1 h pi and total RNA was isolated to measure

internalized viral RNA by qRT-PCR. (D) Caco-2 cells were treated with DMSO or TPEN (0.5µM) for 4 h prior to RV infection. Infected cells were cultured for 16 h in the

absence of TPEN and viral titers in the supernatant was measured by plaque assay. All the data are from at least two independent experiments with triplicate samples.

Data are presented as mean ± SD. **p < 0.01.

TPEN Pre-treatment Blocks DENV Infection
We were next interested in determining whether zinc chelation
prior to dengue infection has any effect on virus infection. Caco-
2 and A549 cells were pre-treated with TPEN for 4 h prior to
DENV infection. Cells were infected as above and cultured for
24 h in the absence of TPEN. Virus titers in the supernatant was
measured by plaque assays at 24 h pi. We observed a significant
reduction in DENV titers in both the cell lines and DENV
RNA levels were also reduced upon TPEN pre-treatment in
Caco-2 cells suggesting that perturbing zinc homeostasis prior
to infection also affects DENV infection (Figures 5A,B). This
effect was not due to defect in cellular entry of the virus as the
amount of internalized viral RNA after 1 h of virus adsorption
was not different between mock-treated and zinc-depleted cells
(Figure 5C). Pre-treating cells with TPEN had no effect on
rotavirus infection (Figure 5D). These data suggest that zinc
chelation specifically affects dengue virus infection.

Zinc Chelation Activates Stress Response
Pathways
Our results showed that a transient and reversible zinc
chelation was sufficient to perturb DENV replication suggesting
that chelating free zinc may modulate cellular pathways that
negatively affect DENV replication. To gain further insights
into the molecular mechanism behind zinc depletion-induced
inhibition of DENV replication, we treated cells with TPEN
for 4 h and processed total RNA for RNA seq analysis. One
eighty three genes (99 genes were downregulated and 84 genes

were upregulated) showed differential expression upon treatment
(Supplementary Table 2 and Supplementary Figure 2). The
differential gene expression data obtained from RNA-seq
was further analyzed by Ingenuity Pathway Analysis (IPA)
for identifying interaction networks, molecular and cellular
functions and pathways that are modulated upon zinc chelation.
As expected from the diverse physiological functions regulated
by zinc, the list of genes whose expression was altered
due to zinc chelation was clustered around physiological
functions such as post-translational modification, protein folding
and signal transduction pathways (Supplementary Table 3).
Network analysis of differentially expressed genes by IPA
analysis further confirmed enrichment of genes involved in post-
translational modification and protein folding which has 35
nodes includes 24 focus genes (Figure 6). Interestingly, induction
of heat shock proteins and NF-κB activation emerged as one of
the major nodes in the network analysis (Figure 6) suggesting
that zinc chelation may lead to activation of ER stress and
NF-κB pathway in addition of stress response involving heat
shock proteins.

Zinc Chelation Induces Antiviral Response
Due to ER Stress and NF-κB Activation
RNA seq analysis suggested that zinc chelation may activate ER
stress response and NF-κB and its downstream targets which
may block dengue virus replication. We next tested if blocking
unfolded protein response would rescue the inhibitory effect
of zinc chelation. Cells were infected with DENV and cultured
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FIGURE 6 | Network analysis from RNA seq. Figure shows one of the functional networks (post-translational modification and protein folding) identified from the list of

differentially expressed genes obtained from DMSO and TPEN treatment conditions by RNA seq analysis using ingenuity pathway analysis tool. Please see materials

and methods section for further details.

in medium containing DMSO or TPEN in the presence of
Salubrinal, an inhibitor of unfolded protein response (UPR)
(40). Blocking UPR by Salubrinal rescued from the inhibition
observed with zinc chelation suggesting a connection between
zinc homeostasis, UPR and antiviral response (Figure 7A).
To further confirm the induction of antiviral response due
to zinc chelation, cells were treated with TPEN for 4 and
8 h and nuclear extracts were prepared to measure NF-κB
activity by electrophoretic mobility shift assays (EMSA). We
observed a time-dependent increase in NF-κB activity in TPEN-
treated cells (Figure 7A). To further confirm the functional
relevance of NF-κB activation, cells were treated with TPEN
for 4 and 8 h and relative transcript levels of interferon-β and
some of its downstream effectors were measured by RT-PCR.
Zinc chelation by TPEN led to induction in IFN-β mRNA
as early as 4 h post-treatment which further increased at 8 h
post-treatment (Figure 7B). We further measured the mRNA
levels of interferon-responsive genes namely, interferon-induced
transmembrane protein 1 (IFITM1), interferon-stimulated gene
15 (ISG15), interferon-induced protein with tetratricopeptide
repeats 2, 3, and 5 (IFIT2, IFIT3, and IFIT5) (Figures 7C–H). Of
all these genes, only IFIT2, IFIT3, and IFIT5 showed induction,

however, IFIT5 showed maximum induction as compared to
IFIT2 and IFIT3 (Figures 7F–H). Interestingly, IFIT5 was one of
the genes upregulated upon TPEN treatment in the RNA seq data
(Supplementary Table 2). Our results suggest that zinc chelation
activates NF-κB and generates an antiviral state by inducing
a specific subset of interferon-mediated antiviral signaling that
renders cells resistant to DENV infection.

DISCUSSION

In this study, we focused on the effect of rotavirus and dengue
virus infection on epithelial junctions and the importance of zinc
inmaintaining the barrier functions in Caco-2 cells in the context
of virus infection. Zinc supplementation trials have shown that
oral zinc as a supplement in diarrhea is beneficial in children
over 6 months of age in regions where zinc deficiency is prevalent
(33) indicating that chronic zinc deficiency could be corrected
by zinc supplementation. However, whether zinc would be
beneficial in enteric infections under normal conditions has been
inconclusive. Furthermore, the effect of zinc supplementation
in rotavirus diarrhea has been inconsistent (41–43). In our in
vitro study, we show that zinc supplementation post-infection
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FIGURE 7 | Zinc chelation induces antiviral response. (A) Inset: Caco-2 cells were treated with 0.5µM TPEN and DMSO for 4 and 8 h and used for western blot

analysis of HSP70. Caco-2 cells were treated with DMSO or TPEN (0.5µM) in the presence of 50µM Salubrinal after infection and virus titers were determined at 24 h

pi. (B) Caco-2 cells were treated with DMSO or TPEN (0.5µM) for 4 or 8 h. Nuclear extracts were prepared and NF-κB DNA binding activity was assessed by EMSA.

Oct1 served as a control for normalization. (C–G) Caco-2 cells were treated with DMSO or TPEN (0.5µM) for 4 or 8 h. Total RNA was isolated and transcript levels of

indicated genes were quantitated by RT-PCR. All the data are from at least two independent experiments with triplicate samples. Data are presented as mean ± SD.

**p < 0.01, ***p < 0.001, ****p < 0.0001.
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had no effect on viral titres or barrier disruption in rotavirus-
infected cells suggesting that the effect of zinc in vivomay involve
its effect on immune response or other antiviral functions.
Gastrointestinal manifestations are commonly observed in severe
cases of dengue (44, 45) and the immunopathological nature of
severe dengue disease suggests that these manifestations are a
result of cytokine storm. However, replication of dengue virus
in the midgut epithelial cells of mosquitos and isolation of
viable virus from the intestine of experimentally-infected rhesus
monkeys suggest that gut epithelial cells may be one of the
active sites of DENV replication and virus dissemination (13,
14). We show that Caco-2 cells were not only permissive to
dengue infection, but the virus was released from both the apical
and basolateral surfaces without disruption of cellular junctions.
Based on these observations we propose a crucial role for
epithelial cells in dengue pathogenesis which needs to be further
verified in relevant and immunocompetent animal models.

Zinc salts have been shown to inhibit some of the RNA viruses
using in vitro assays or infection systems (4–9). Zinc has been
shown to alter various stages of viral infection as in the case of
poliovirus and other picornaviruses and hepatitis C virus where
zinc salts were shown to inhibit viral protease activity (46, 47).
Contrary to many of the aforesaid reports, zinc chelation was
shown to inhibit the alfalfa mosaic virus RNA-dependent-RNA
polymerase (RdRp) activity (48). The reverse transcriptase of
RNA tumor viruses is a zinc metalloenzyme and zinc chelation
was shown to inhibit the enzyme (49, 50). Similarly, zinc
chelation also affected the RdRp activity of influenza viruses
and the 2A proteinase of human rhinovirus (51, 52). Therefore,
the role of zinc appears to be as diverse as the strategies of
replication adopted by the RNA viruses from different families.
We took the approach of mimicking moderate zinc deficiency
conditions by zinc chelation using TPEN to identify the effect
of zinc-dependent viral and cellular functions on RNA virus
infections. We observed that zinc depletion by TPEN inhibited
DENV and JEV infection but not RV infection. Time-of-addition
experiments indicated that zinc plays an essential role at early
stages of viral RNA replication, post-entry and post-uncoating,
as observed by a drastic reduction in the synthesis of negative
and positive strand RNA in TPEN-treated cells. Additionally,
zinc chelation for only first 4 h of infection led to near-complete
inhibition of virus replication. The inhibitory effect of TPEN was
specific to Zn chelation because only Zn supplementation could
reverse the effect and other divalent cations failed to do so.

Our RNA seq analysis provided insights into the molecular
functions perturbed due to transient and moderate zinc
depletion. Other than post-translational modification and
protein folding, many zinc-finger proteins, which function as
transcription factors, were dysregulated suggesting a global
effect on host transcription and translation. Therefore, it is not
surprising that addition of TPEN even at 24 h post-infection
was able to significantly inhibit virus titers. However, these
changes specifically affected flavivirus infection and had no
effect on rotavirus suggesting that zinc homeostasis may regulate
few viruses depending on the requirement of cellular zinc
for completion of virus life-cycle. We further discovered that
transient zinc chelation led to induction of an antiviral state

in cells via induction of heat shock proteins and activation of
NF-κB and upregulation of downstream effectors which inhibit
DENV replication. Interferon-stimulated genes (ISGs) are a large
group of genes which have diverse effects on viral infections
and mostly act at early stages of virus life-cycle (53). The IFIT
proteins are a family of antiviral proteins that form complexes
to target viral RNA and inhibit translation (54–56). Although
DENV has been shown to evade interferon responses, induction
of ISGs at very early stages before the accumulation of viral
proteins that target some of the innate immune components
may tip the balance in favor of innate immune responses and
block viral RNA replication. Surprisingly, labile zinc pool was
restored within 2 h of removing the zinc chelator suggesting that
transient zinc depletion activates the stress response involving
heat shock proteins from the Hsp70 family and an antiviral
state due to NF-κB activation. Interestingly, Hsp70 family
members play a necessary role in dengue replication and
Hsp70 has been proposed as an antiviral target (57, 58). The
molecular mechanism linking zinc depletion to Hsp70 remains
to be elucidated.

Zinc is an acute-phase reactant and zinc levels are
redistributed during infections. It is plausible that this
redistribution may create a transient state of zinc deficiency
during acute viral infections which may indirectly protect
cells by inducing an antiviral state. It has been suggested that
pathogens may actively alter zinc levels and zinc chelation with
TPEN was shown to improve survival of mice infected with
Aspergillus fumigatus (59). In the case of HIV, zinc chelation
by TPEN was shown to inhibit APOBEC3 degradation by
HIV-1Vif and made the virus susceptible to the antiviral activity
of APOBEC3 (60). These studies suggest that zinc chelation can
be an attractive antimicrobial option. Considering that zinc ion
was co-crystallized with dengue polymerase, the non-structural
protein 5 (NS5) (11), we speculate that the DENV NS5 may
utilize cellular zinc for viral RNA replication. It would be
interesting to further investigate whether zinc homeostasis is
altered during DENV replication. Therefore, cellular or tissue
zinc homeostasis may also determine the efficiency with which
pathogens replicate and disseminate in vivo. We speculate that
in the case of acute viral infections, strategies to transiently block
zinc redistribution during viremic stages may inhibit viruses that
depend on cellular zinc pools for replication. This would provide
a window for the immune system to gain an upper hand and
control viral infection.
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Non-viable lactic acid bacteria (LAB) have been proposed as antigen delivery

platforms called bacterium-like particles (BLPs). Most studies have been performed

with Lactococcus lactis-derived BLPs where multiple antigens were attached to the

peptidoglycan surface and used to successfully induce specific immune responses. It

is well-established that the immunomodulatory properties of LAB are strain dependent

and therefore, the BLPs derived from each individual strain could have different adjuvant

capacities. In this work, we obtained BLPs from immunomodulatory (immunobiotics)

and non-immunomodulatory Lactobacillus rhamnosus and Lactobacillus plantarum

strains and comparatively evaluated their ability to improve the intestinal and systemic

immune responses elicited by an attenuated rotavirus vaccine. Results demonstrated

that orally administered BLPs from non-immunomodulatory strains did not induce

significant changes in the immune response triggered by rotavirus vaccine in mice. On

the contrary, BLPs derived from immunobiotic lactobacilli were able to improve the levels

of anti-rotavirus intestinal IgA and serum IgG, the numbers of CD24+B220+ B and CD4+

T cells in Peyer’s patches and spleen as well as the production of IFN-γ by immune cells.

Interestingly, among immunobiotics-derived BLPs, those obtained from L. rhamnosus

CRL1505 and L. rhamnosus IBL027 enhancedmore efficiently the intestinal and systemic

humoral immune responses when compared to BLPs from other immunobiotic bacteria.

The findings of this work indicate that it is necessary to perform an appropriate selection

of BLPs in order to find those with the most efficient adjuvant properties. We propose the

term Immunobiotic-like particles (IBLPs) for the BLPs derived from CRL1505 and IBL027

strains that are an excellent alternative for the development of mucosal vaccines.
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INTRODUCTION

Lactic acid bacteria (LAB) have been studied for several years as
potential delivery systems and/or adjuvants for mucosal vaccine
development. In this regard, recombinant LAB expressing
pathogen’s antigens in their cell-walls have been used as
oral or nasal vaccines in animal models (1–4). The mucosal
administration of recombinant LAB was shown to elicit specific
systemic and mucosal immune responses against selected
antigens. However, the administration of genetically modified
organisms is associated with ethical concerns related to the
possible dissemination of virulence factors or antibiotic resistant
genes. Then, similar to other genetically modified organisms,
recombinant LAB expressing antigens from pathogens and
carrying antibiotic resistant genes cannot be applied in humans.

An original alternative to the use of genetically modified
LAB was the development of bacterium-like particles (BLPs)
derived from the acid and heat treatments of Lactococcus lactis
(5–8). These L. lactis-derived BLPs, also known as Gram-
positive enhancer matrix particles, do not contain DNA or
cytoplasmic proteins but conserve the adjuvant capacities of
the bacteria. The acid/heat treatment results in the bacterial
death, which implies greater safety related to the maximum
dose administered, and in addition to causing the loss of
genetic material, exposes the peptidoglycan of the cell-wall
increasing its capacity to bind proteins with lysine motifs
(LysM) at least 10 times (5). The ability of BLPs to improve
the protective immunity generated at the mucosal level by
recombinant proteins from different pathogens fused to LysM
has been widely evaluated. The microbial pathogens tested in
those investigations included bacteria, parasites and viruses such
as Streptococcus pneumoniae (5), Plasmodium berghei (7, 9),
and Influenza virus (10). Those studies clearly demonstrated
that L. lactis-derived BLPs are a promising adjuvant for
mucosal immunization.

The immunomodulatory properties of LAB proved to depend
on each individual strain. Previously, we evaluated the ability
of immunomodulatory viable LAB strains, administered by the
oral route in the same dose and during the same period, on
intestinal immunity (11–13). We found that although both
Lactobacillus rhamnosus CRL1505 and Lactobacillus plantarum
CRL1506 improved the intestinal immunity and the protection
against pathogens, the CRL1505 strain was more efficient
than the CRL1506 to achieve those beneficial effects (11–13).
Similarly, both L. lactis NZ9000 and L. rhamnosus CRL1505
administered by the nasal route were able to improve respiratory
immunity and confer protection against S. pneumoniae infection.
However, the protective effect induced by L. lactis NZ9000
was modest when compared to L. rhamnosus CRL1505 and it
was necessary a longer administration period of lactococci than
lactobacilli (14–16).

We hypothesized that BLPs obtained from different
immunomodulatory LAB would have different adjuvant capacity
when used in mucosal vaccine formulations. In this work, we
obtained BLPs from immunomodulatory (immunobiotics),
and non-immunomodulatory L. rhamnosus and L. plantarum
strains and comparatively evaluated their ability to improve

intestinal and systemic immune responses to an oral attenuated
rotavirus vaccine.

MATERIALS AND METHODS

Microorganisms and Bacterium-Like
Particles
L. rhamnosusCRL1505, L. plantarumCRL1506 and L. plantarum
CRL1905 were obtained from the culture collection of CERELA
(Tucumán, Argentina). L. rhamnosus IBL027 was obtained from
the culture collection of the Infection Biology Laboratory of
INSIBIO (Tucumán, Argentina). Lactobacilli (1010 CFU stored
at −70◦C) were activated and cultured for 12 h at 37◦C (final
log phase) in Man-Rogosa-Sharpe (MRS) broth culture media.
The bacteria were harvested by centrifugation and washed with
sterile PBS (0.01 mol/L, pH 7.2). Chemical pre-treatment of
lactobacilli to generate BLP and immunomodulatory bacterium-
like particles (IBLP) was performed as follows. Bacteria from a
fresh overnight culture (100ml) were collected by centrifugation
(10min, 13,000 x g) and washed once with sterile distilled water.
Afterwards, the pellet was suspended in 20ml of 0.1M HCl and
boiled in a water bath for 45min. Next, the cells were washed
three times in 50ml sterile phosphate buffer saline (PBS), pH 7.4,
with vigorous vortexing. After the last washing step, cells were
resuspended in 10ml PBS and stored at −20◦C. The number
of IBLP particles per milliliter was adjusted according to the
CFU/ml determined in the starting culture. Viability of BLPs
and IBLPs was checked by plating the suspensions and several
dilutions on to MRS agar plates, which were incubated overnight
at 37◦C in microaerophilia.

Electron Microscopy
For transmission electron microscopy, samples were prepared
according to the Centro de Investigaciones y Servicios de
Microscopía Electronica (CISME–CONICET) standard
procedure. Briefly, L. rhamnosus CRL1505 and IBLP1505
were fixed by adding Karnovsky fixative. After 24 h of fixation
at 4◦C, samples were washed three times with 0.1M sodium
phosphate buffer (pH 7.4) and postfixed overnight in a solution
containing 1% osmium tetroxide in sodium phosphate buffer.
After dehydratation with a graded ethanol series, the samples
were embedded in Spurr resin. Ultrathin sections were cut
with an ultramicrotome and examined with a Zeiss Libra 120
transmission electron microscope.

Animals and Ethical Statement
Four-week-old female BALB/c mice were obtained from
the closed colony at CERELA (Tucumán, Argentina) in
SPF conditions. Animals were housed in plastic cages and
environmental conditions were kept constant, in agreement
with the standards for animal housing. Animal welfare was in
charge of researchers and special staff trained in animal care
and handling at CERELA. Animal health and behavior were
monitored twice a day.

This study was carried out in strict accordance with
the recommendations in the Guide for the Care and
Use of Laboratory Animals of the Guidelines for Animal
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Experimentation of CERELA. The CERELA Institutional
Animal Care and Use Committee prospectively approved this
research under the protocol BIOT-CRL-18.

Immunization Protocols
Mice were vaccinated with the commercial, oral, pentavalent,
and live rotavirus vaccine RotaTeq R© (Merck & Co., Inc.). Two
sets of experiments with different immunization protocols were
used. In the first set of experiments, mice were vaccinated with
30 µl of rotavirus vaccine and 108 bacterial cells or particles
(high vaccine/low adjuvant immunization protocol). Mice that
received only 30 µl of rotavirus vaccine were used as controls.
In a second set of experiments, mice were vaccinated with
7.5 µl of rotavirus vaccine and 109 bacterial cells or particles
(low vaccine/high adjuvant immunization protocol). Mice that
received only 7.5 µl of rotavirus vaccine were used as controls.
In both protocols, mice were immunized orally on days 0, 14
and 28. Seven days after the last immunization (day 35), the
specific humoral and cellular immune responses were evaluated
as described below.

Serum and Intestinal Antibodies
Blood samples were obtained through cardiac puncture seven
days after the last immunization (day 35) and collected in
heparinized tubes. Intestinal fluid samples were obtained as
described previously (11). Briefly, the small intestine was flushed
with 5ml of PBS and the fluid was centrifuged (10,000×g 4◦C
for 10min) to separate particulate material. The supernatant
was kept frozen until use. Specific anti-rotavirus antibodies (IgA
and IgG) were determined by ELISA. Plates were coated with
1.5 µg of Rotateq per well overnight at 4◦C and blocked with
serum bovine albumin. Appropriate dilutions of the samples
(serum 1:20; intestinal fluid 1:2) were incubated for 1 h at 37◦C.
Peroxidase conjugated anti-mouse IgG, or IgA antibodies (1:500)
(Sigma-Aldrich) were added and incubated for 1 h at 37◦C. The
reaction was developed with TMB Substrate Reagent (Sigma-
Aldrich) and measured at 450 nm in a microplate reader.

Flow Cytometry
Ilium Payer’s patches and spleens were collected and
mechanically disaggregated. A single-cell suspension from
the Peyer’s patches or spleens of each mouse was obtained by
gently passing the collected tissue through a tissue strainer with
PBS supplemented with 2% FCS (FACS buffer). Cell suspensions
were subjected to red blood cells lysis (Tris-ammonium chloride,
BD PharMingen) and counted on a hemocytometer. Trypan
blue exclusion method was used to assess viability of cells. Cell
suspensions were pre-incubated with anti-mouse CD32/CD16
monoclonal antibody (Fc block) for 30min at 4◦C. Cells were
incubated with the antibody mixes for 30min at 4◦C and washed
with FACS buffer. The following antibodies from BD Biosciences
were used: PE-labeled anti-mouse CD24, biotinylated anti-
mouse B220, PE-labeled anti-mouse CD45, biotinylated
anti-mouse CD45, FITC-labeled anti-mouse CD3, PE-labeled
anti-mouse CD8, and biotinylated anti-mouse CD4 antibodies.
Streptavidin-PerCP was used as a second-step reagent. Flow
cytometry was performed using a BD FACSCaliburTM flow

cytometer (BD Biosciences) and data were analyzed using FlowJo
software (TreeStar).

Cytokine Production by Immune Cells
Ilium Payer’s patches and spleens were collected, and a single-
cell suspension from each mouse was obtained as described
above. After red blood cells lysis, isolated cells were suspended
in complete DMEM (Invitrogen) supplemented with 10%
FCS (Sigma), 50µg/ml penicillin-streptomycin, and 50µg/ml
gentamicin (Invitrogen). Cells (4 × 106 cells/well) were cultured
in 24-well plates in the presence of 0.5 µl of the rotavirus vaccine.
Cytokines were quantified in culture supernatants by ELISA after
24 h at 37◦C. The concentrations of tumor necrosis factor (TNF)-
α, interferon (IFN)-γ, and interleukin (IL)-4 were measured on
the supernatants of the stimulated mononuclear cells isolated
from Peyer’s patches or spleen with commercially available
enzyme-linked immunosorbent assay (ELISA) kits following the
manufacturer’s recommendations (R&D Systems, MN, USA).

Statistical Analysis
Each experimental group consisted of 3 mice per group at each
time point and experiments were performed in triplicate (n =

9 for each parameter studied). Results were expressed as mean
± standard deviation (SD). The differences between groups
were analyzed using student t-test. Differences were considered
significant at p < 0.05. ANOVA one-way was used for analysis of
variance among multiple groups.

RESULTS

Development of IBLP From L. rhamnosus

CRL1505
The heat-acid treatment of the lactobacilli results in non-
living particles. This procedure most likely affected the
protein and DNA content of the IBLPs. The intracellular
contents of the IBLPs seemed to be partially released or
degraded (Figure 1). IBLPs have the same size and shape than
living lactobacilli. Peptidoglycan, the main component of the
lactobacilli’s cell wall, was exposed by the harsh acid treatment.
This peptidoglycan matrix preserved the structural integrity of
lactobacilli (Figure 1).

IBLP From L. rhamnosus CRL1505
Enhance the Humoral Immune Response
Against Rotavirus Vaccine
In order to evaluate the adjuvant capacity of IBLP1505, we
selected an oral pentavalent vaccine that contains five live
reassortant rotaviruses. Then, mice were immunized on days
0, 14, and 28 by the oral route with the rotavirus vaccine and
IBLP1505 as described in detail in the materials and methods
section. Mice orally immunized with the vaccine alone or added
with viable L. rhamnosus CRL1505 were used for comparisons.
The levels of rotavirus-specific intestinal IgA and serum IgG
were determined seven days after the last immunization. In a
first set of experiments, mice were vaccinated with 30 µl of
vaccine and 108 bacterial cells or particles (high vaccine/low
adjuvant immunization protocol). As shown in Figure 2A, both
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FIGURE 1 | Transmission electron microscopy analysis. (A) Lactobacillus

rhamnosus CRL1505 untreated cells and (B) bacterium-like particles obtained

from L. rhamnosus CRL1505 (IBLP1505) were fixed with Karnovsky fixative,

postfixed with 1% osmium tetroxide in sodium phosphate buffer and

embedded in Spurr resin. Ultrathin sections cuts were examined with a Zeiss

libra 120 Transmission Electron Microscope.

intestinal and serum specific antibodies were detected in control
mice indicating that the vaccine induced mucosal and systemic
humoral immune responses in ourmodel. The levels of rotavirus-
specific intestinal IgA and serum IgG in mice immunized
with the rotavirus vaccine and IBLP1505 were significantly
higher when compared to controls (Figure 2A). In addition,
intestinal IgA in mice immunized with the rotavirus vaccine
and viable L. rhamnosus CRL1505 were significantly higher
than controls. However, in this group of mice, the levels of
serum specific IgG antibodies were not different from controls
(Figure 2A).

In a second set of experiments, we evaluated whether the
dose of rotavirus vaccine could be reduced by using a higher
dose of IBLP1505 (low vaccine/high adjuvant immunization
protocol). Then, mice were vaccinated with 7.5 µl of vaccine
and 109 bacterial cells or particles. As shown in Figure 2B,

the levels of intestinal rotavirus-specific IgA did not change in
comparison with the previous vaccination protocol. However,
a significant reduction of serum specific IgG antibodies was
detected. The levels of intestinal IgA and serum IgG antibodies in
mice immunized with the rotavirus vaccine and IBLP1505 were
significantly higher than controls (Figure 2B). We also observed
that intestinal IgA levels were higher and that serum IgG levels
were lower than the values obtained in the first immunization
protocol (Figure 2A). Interestingly, the group of mice receiving
the low vaccine dose together with viable L. rhamnosus CRL1505
had rotavirus-specific intestinal IgA and serum IgG antibodies
that were not different from controls (Figure 2B).

IBLP From L. rhamnosus CRL1505
Enhance the Mucosal Cellular Immune
Response Against Rotavirus Vaccine
We next evaluated whether the two immunization protocols
were able to modify the mucosal and systemic cellular immune
elicited by rotavirus vaccine. First, we evaluated the proportion
of CD3+CD4+ and CD3+CD8+ T cells as well as CD24+B220+

B cells in Peyer’s patches of vaccinated mice. In the high
vaccine/low IBLP1505 immunization protocol (Figure 3A),
the vaccination of control mice did not induce significant
changes in CD3+CD4+, CD3+CD8+, or CD24+B220+ cells
percentages when compared with non-immunized mice (data
not shown). In addition, no differences were observed in
CD3+CD4+ and CD3+CD8+ T cells when mice immunized
with rotavirus vaccine and IBLP1505 or viable L. rhamnosus
CRL1505 were compared to controls. However, the vaccination
protocols that included IBLP1505 or viable L. rhamnosus
CRL1505 as adjuvants significantly increased the proportion
of CD24+B220+ B cells in Peyer’s patches when compared
to controls (Figure 3A). In the low vaccine/high adjuvant
immunization protocol (Figure 3B), the vaccination of mice
with the rotavirus vaccine and IBLP1505 significantly increased
CD3+CD4+ T cells as well as CD24+B220+ B cells in Peyer’s
patches. Mice, which received rotavirus vaccine and viable L.
rhamnosus CRL1505 only had significantly higher CD3+CD4+

T cells than controls (Figure 3B). No significant differences
between the groups were observed regarding CD3+CD8+ T
cell counts.

We then assessed the ability of immune cells obtained from
the Peyer’s patches of vaccinated mice to induce cytokines in
response to the ex vivo stimulation with the rotavirus vaccine.
For this purpose, isolated immune cells were cultured and
after challenging them with rotavirus the levels of TNF-α,
IFN-γ and IL-4 were evaluated in the supernatants (Figure 4).
As expected, the vaccination of control mice with the two
protocols used in this work significantly increased the production
of TNF-α, IFN-γ, and IL-4 by Peyer’s patches immune cells
in response to vaccine stimulation when compared with
non-immunized mice (data not shown). In addition, both
the high vaccine/low IBLP1505 and the low vaccine/high
IBLP1505 immunization protocols significantly enhanced the
production of TNF-α, IFN-γ, and IL-4 when compared to the
control group (Figure 4). Similarly, the vaccination protocols
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FIGURE 2 | Effect of immunobiotic bacterium-like particles obtained from Lactobacillus rhamnosus CRL1505 (IBLP1505) on the humoral immune response induced

by the immunization of mice with an oral rotavirus vaccine. Mice (4-week-old) were immunized on days 0, 14, and 28 by the oral route with the rotavirus vaccine and

IBLP1505 as adjuvant. Mice orally vaccinated with rotavirus vaccine only (controls) and mice receiving the vaccine with viable L. rhamnosus CRL1505 as adjuvant

were used for comparisons. Two immunization protocols were used: (A) each mouse was vaccinated with 30 µl of vaccine and 108 bacterial cells or particles; (B)

each mouse was vaccinated with 7.5 µl of vaccine and 109 bacterial cells or particles. Seven days after the last immunization, serum, and intestinal fluid samples were

obtained for the determination of IgA and IgG specific antibodies. Each experimental group consisted of 3 mice per group and experiments were performed in

triplicate (n = 9). Results were expressed as mean ± standard deviation. Differences were considered significant at P < 0.05 when compared with animals immunized

with rotavirus vaccine only (*).

using viable L. rhamnosus CRL1505 as adjuvant increased
the levels of these cytokines when compared to control mice
(Figure 4).

IBLP From L. rhamnosus CRL1505
Enhance the Systemic Cellular Immune
Response Against Rotavirus Vaccine
The proportions of CD3+CD4+ and CD3+CD8+ T cells as
well as CD24+B220+ B cells in spleen of vaccinated mice
were also evaluated. No significant differences were observed
between the groups when these immune cell populations were
evaluated for both immunization protocols (data not shown). In
addition, the levels of TNF-α, IFN-γ, and IL-4 were quantified
in the supernatants of cultured isolated immune cells from
spleens after the challenge with the rotavirus vaccine (Figure 5).
In the high vaccine/low IBLP1505 or viable L. rhamnosus
CRL1505 immunization protocols (Figure 5A), the vaccination
with rotavirus vaccine and adjuvants significantly increased
the production of TNF-α, IFN-γ, and IL-4 by splenocytes
when compared to controls. Interestingly, the levels of TNF-α
and IFN-γ were significantly higher in mice immunized with
viable L. rhamnosus CRL1505 than in those receiving IBLP1505
(Figure 5A). On the other hand, in the low vaccine/high
IBLP1505 or viable L. rhamnosus CRL1505 immunization

protocols (Figure 5B), the vaccination of mice significantly
enhanced the production of the three cytokines by splenocytes
when compared to controls.

The Adjuvant Capacities of BLP From
Lactobacilli Are Strain-Dependent
Finally, we aimed to evaluate whether the adjuvant capacity
of IBLP1505 was a strain characteristic or if it was shared
by BLP derived from other immunomodulatory strains. Then,
we obtained BLP from the immunomodulatory strains L.
rhamnosus IBL027 and L. plantarum CRL1506 and from the
non-immunomodulatory strain L. plantarum CRL1905. The
particles were designated as IBLP027, IBLP1506, and BLP1905
and used to immunize mice with the low vaccine/high adjuvant
immunization protocol. As shown in Figure 6, IBLP027 was as
effective as IBLP1505 to improve the production of rotavirus-
specific intestinal IgA and serum IgG antibodies. In addition,
intestinal IgA in mice immunized with the rotavirus vaccine
and IBLP1506 were significantly higher than controls. However,
these antibodies were lower when compared to those in mice
receiving IBLP027 or IBLP1505 (Figure 6). The immunization
with BLP1905 was not able to significantly change the levels of
rotavirus-specific intestinal IgA and serum IgG antibodies when
compared to controls.
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FIGURE 3 | Effect of immunobiotic bacterium-like particles obtained from Lactobacillus rhamnosus CRL1505 (IBLP1505) on the cellular immune response induced by

the immunization of mice with an oral rotavirus vaccine. Mice (4-week-old) were immunized on days 0, 14, and 28 by the oral route with the rotavirus vaccine and

IBLP1505 as adjuvant. Mice orally vaccinated with rotavirus vaccine only (controls) and mice receiving the vaccine with viable L. rhamnosus CRL1505 as adjuvant

were used for comparisons. Two immunization protocols were used: (A) each mouse was vaccinated with 30 µl of vaccine and 108 bacterial cells or particles; (B)

each mouse was vaccinated with 7.5 µl of vaccine and 109 bacterial cells or particles. Seven days after the last immunization, Peyer’s patches samples were obtained

for the study of CD3+CD4+, CD3+CD8+ T and CD24+B220+ B cells within the CD45+ population by flow cytometry. Each experimental group consisted of 3 mice

per group and experiments were performed in triplicate (n = 9). Results were expressed as mean ± standard deviation. Differences were considered significant at P <

0.05 when compared with animals immunized with rotavirus vaccine only (*).

In addition, we assessed the ability of immune cells obtained
from the Peyer’s patches and spleens of mice vaccinated with
IBLP027, IBLP1506, or BLP1905 to induce TNF-α, IFN-γ and

IL-4 in response to the ex vivo stimulation with rotavirus
(Figure 6). IBLP027 was as effective as IBLP1505 to improve
the production of TNF-α and IFN-γ by intestinal and spleen
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FIGURE 4 | Effect of immunobiotic bacterium-like particles obtained from Lactobacillus rhamnosus CRL1505 (IBLP1505) on the cellular immune response induced by

the immunization of mice with an oral rotavirus vaccine. Mice (4-week-old) were immunized on days 0, 14, and 28 by the oral route with the rotavirus vaccine and

IBLP1505 as adjuvant. Mice orally vaccinated with rotavirus vaccine only (controls) and mice receiving the vaccine with viable L. rhamnosus CRL1505 as adjuvant

were used for comparisons. Two immunization protocols were used: (A) each mouse was vaccinated with 30 µl of vaccine and 108 bacterial cells or particles; (B)

each mouse was vaccinated with 7.5 µl of vaccine and 109 bacterial cells or particles. Seven days after the last immunization, immune cells from Peyer’s patches

were isolated and in vitro stimulated with rotavirus vaccine. Tumor necrosis factor (TNF)-α, interferon (IFN)-γ and interleukin (IL)-4 were measured in culture

supernatants. Each experimental group consisted of 3 mice per group and experiments were performed in triplicate (n = 9). Results were expressed as mean ±

standard deviation. Differences were considered significant at P < 0.05 when compared with animals immunized with rotavirus vaccine only (*).

immune cells in response to rotavirus challenge. Vaccination
with the rotavirus vaccine and IBLP1506 increased the levels of
IFN-γ produced by Peyer’s patches cells. However, this cytokine
was significantly lower when compared to the observed in mice

receiving IBLP027 or IBLP1505 (Figure 6). The immunization
with BLP1905 was not able to significantly change the levels
of TNF-α and IFN-γ produced by intestinal or spleen cells
when compared to controls. Similar to IBLP1505 (Figures 4, 5),
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FIGURE 5 | Effect of immunobiotic bacterium-like particles obtained from Lactobacillus rhamnosus CRL1505 (IBLP1505) on the cellular immune response induced by

the immunization of mice with an oral rotavirus vaccine. Mice (4-week-old) were immunized on days 0, 14, and 28 by the oral route with the rotavirus vaccine and

IBLP1505 as adjuvant. Mice orally vaccinated with rotavirus vaccine only (controls) and mice receiving the vaccine with viable L. rhamnosus CRL1505 as adjuvant

were used for comparisons. Two immunization protocols were used: (A) each mouse was vaccinated with 30 µl of vaccine and 108 bacterial cells or particles; (B)

each mouse was vaccinated with 7.5 µl of vaccine and 109 bacterial cells or particles. Seven days after the last immunization, immune cells from spleens were

isolated and in vitro stimulated with rotavirus vaccine. Tumor necrosis factor (TNF)-α, interferon (IFN)-γ and interleukin (IL)-4 were measured in culture supernatants.

Each experimental group consisted of 3 mice per group and experiments were performed in triplicate (n = 9). Results were expressed as mean ± standard deviation.

Differences were considered significant at P < 0.05 when compared with animals immunized with rotavirus vaccine only (*) or between the indicated groups (**).

IBLP027, IBLP1506, and BLP1905 improved the levels of IL-4
in immune cells obtained from the Payer’s patches and spleens.
There was no statistical differences among the groups (data
not shown).

DISCUSSION

There is an urgent need to develop effective vaccines to
reduce the global burden of infectious disease in both humans
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FIGURE 6 | Effect of bacterium-like particles obtained from different lactobacilli strains on the immune response triggered by the immunization of mice with an oral

rotavirus vaccine. Mice (4-week-old) were immunized on days 0, 14, and 28 by the oral route with the rotavirus vaccine and bacterium-like particles from obtained

from the immunomodulatory strains L. rhamnosus CRL1505 (IBLP1505), L. rhamnosus IBL027 (IBLP027), and L. plantarum CRL1506 (IBLP1506) and from the

non-immunomodulatory strain L. plantarum CRL1905 (IBLP1905) as adjuvants. Mice orally vaccinated with rotavirus vaccine only (controls) were used for

comparisons. Each mouse was vaccinated with 7.5 µl of vaccine and 109 bacterial particles. Seven days after the last immunization, serum, and intestinal fluid

samples were obtained for the determination of IgA and IgG specific antibodies. In addition, immune cells from Peyer’s patches and spleen were isolated, cultured and

stimulated with rotaviral vaccine. TNF-α, and IFN-γ concentrations were determined in the supernatants by ELISA. Each experimental group consisted of 3 mice per

group and experiments were performed in triplicate (n = 9). Results were expressed as mean ± standard deviation. Differences were considered significant at

P < 0.05 when compared with animals immunized with rotavirus vaccine only (*) or between the indicated groups (**).

and animals. The use of mucosal vaccines triggers local and
systemic responses limiting the pathogens at the site of entry,
reducing their replication in epithelial cells, the alteration
of the epithelial barrier, and the action of toxins on the
mucosa. In addition, mucosal vaccination helps preventing
the spread of the pathogen to internal tissues and to the
environment (17, 18). Despite the several advantages of
mucosal vaccination, it faces many difficulties including poor

immunogenicity at low concentrations, chemical and enzymatic
degradation, potential toxicity, and the risk of generating
tolerance rather than protective immunity (17, 19). In this
work, we demonstrated that IBLP derived from highly efficient
immunomodulatory lactobacilli are an interesting alternative as
mucosal adjuvants.

It is well-documented that within the gastrointestinal tract,
immunomodulatory LAB are capable to interact with the
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host’s epithelial and immune cells, and thereby beneficially
influence epithelial barrier and immune functions (20). It
has been proposed that the final outcome of a host cell
response against beneficial immunomodulatory microorganisms
depends on the combination of distinct microbial-associated
molecular patterns (MAMPs) that can interact with various
pattern recognition receptors (PRRs) and associated co-receptors
to trigger different signaling pathways (20, 21). The unique
combination of cellular and molecular interactions that are
established between a certain microorganism with the host cells
explains why the immunomodulatory properties of LAB are
a strain dependent characteristic. The results of the present
work strongly suggest that the same principle could be applied
to IBLP derived from different LAB strains. In our hands,
IBLP derived from immunomodulatory L. rhamnosus CRL1505,
L. rhamnosus IBL027 and L. plantarum CRL1506 showed
adjuvant capacities when used together with the rotavirus vaccine
while the particles derived from the non-immunomodulatory L.
plantarum CRL1905 strain were not able to induce modifications
in the immune response triggered by the oral vaccination.
Moreover, our experiments demonstrated that the particles
derived from the immunomodulatory Lactobacillus strains had
different adjuvant capacities in terms of their ability to improve
the cellular and humoral immune responses triggered by
rotavirus vaccination.

Our previous comparative in vitro studies evaluating the
ability of L. rhamnosus CRL1505 and L. plantarum CRL1506
to modulate immune responses in intestinal epithelial cells and
antigen presenting cells (APCs) found significant differences
between the two lactobacilli strains (22, 23). It was demonstrated
that intestinal epithelial cells were modulated by immunobiotic
CRL1505 and CRL1506 in a strain-dependent fashion to
enhance antiviral responses (23). Interestingly, L. rhamnosus
CRL1505 was more efficient that L. plantarum CRL1506 to
increase the expression of IFN-β and IL-6 in intestinal epithelial
cells, both cytokines known to influence immune responses
generated by immune cells located under the epithelium. In
addition, both lactobacilli strains were reported to functionally
modulate APCs from porcine Peyer’s patches. However, L.
rhamnosus CRL1505 was more efficient than L. plantarum
CRL1506 to improve the expression of IL-1β, IL-6, and IFN-
γ in porcine CD172a+CD11R1high and CD172a−CD11R1low

dendritic cells (22). The improved Th1 response induced
by L. rhamnosus CRL1505 in porcine APCs was triggered
by TLR2 signaling and included augmented expression of
MHC-II and co-stimulatory molecules. Then, our previous
results would indicate that IBLP1505 is more efficient than
IBLP1506 to modulate the response of intestinal epithelial
cells and APCs to the challenge with attenuated rotavirus.
Moreover, it is tempting to speculate that IBLP1505 and
IBLP027 are able to interact more efficiently with intestinal
APCs than IBLP1506, inducing an increase in their activation
and antigenic presentation capacity, and generating effector
immune responses. In fact, both humoral and cellular intestinal
specific immune responses were significantly improved in mice

immunized with rotavirus vaccine and IBLP1505 or IBLP027
than in animals treated with the vaccine and IBLP1506,
indicating the different capacity of the particles to serve as
effective mucosal adjuvants.

Recombinant LAB expressing rotavirus antigens have
been evaluated as vaccine candidates (24–27). L. casei ATCC
393 (24) and L. lactis NZ9000 (25) expressing the major
protective antigen VP4 from rotavirus efficiently induced
the production of serum IgG and mucosal IgA anti-VP4
antibodies, which also demonstrated neutralizing effects on
rotavirus infection. Rodríguez-Díaz et al. (26), evaluated
the effect of the oral immunization of mice with L. lactis
expressing the rotavirus VP8 protein intracellularly and
extracellularly. Low mucosal IgA synthesis was found only
when the secreting L. lactis strain was used. On the other
hand, Esteban et al. (27), evaluated the immunogenicity
of the rotavirus VP6 protein expressed on the surface of
L. lactis. Authors described the ability of the recombinant
L. lactis VP6 to significantly increase the levels of specific
serum IgG antibodies although it should be mentioned
that the researchers used the subcutaneous route for the
immunization of mice. Despite the positive results obtained
with the aforementioned recombinant bacteria, there is still
general concern about the massive use of genetically modified
microorganisms because of the possibility of the introduction
of exogenous DNA in the intestinal microbiota, especially
plasmids that confer antibiotic resistance. The IBLPs evaluated
in this work can help to alleviate these concerns associated to
recombinant bacteria because they are non-genetically modified
and non-living.

By using a directed chromosomal integration approach,
Yin et al. (28) were able to develop a stable L. casei strain
expressing the porcine rotavirus VP4 antigen. The oral
immunization of mice with recombinant L. casei VP4
induced both specific intestinal and systemic humoral
immune responses. Although this improved chromosome
recombination and gene expression system could represent
an efficient method for safe vaccines production, it would
be necessary to design a recombinant bacterium for each
vaccine antigen (from the same virus or from different viruses),
which would significantly increase the cost of these types of
vaccines. On the other hand, IBLPs are able to incorporate
efficiently one or more different antigens on their surfaces,
which gives them an additional advantage over recombinant
bacteria, even with those that could be considered safe for
human use.

To the best of our knowledge, few reports have evaluated
the ability of non-living LAB as mucosal adjuvants and/or
delivery antigens for rotavirus vaccine development. Temprana
et al. (29), offered an option to the use of genetically modified
organisms in immunizations by obtaining cell wall-derived
fragments by mechanical rupture of a recombinant L. lactis
NZ9000 expressing a cell wall-anchored version of the rotavirus
VP6 protein. Authors evaluated the ability of those cell wall-
derived fragments containing the VP6 protein to induce specific
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immunity in mice by using intragrastric immunizations. The
report indicated that it was not possible to detect VP6-specific
serum IgG or IgA in the mice immunized intragastrically, even
when additional mucosal adjuvants were used. In addition, the
humoral immune response induced by the experimental vaccine
was evaluated while its impact on the specific cellular immune
response was not studied. In this work, we offer a different
alternative, which can be administered orally and efficiently
potentiate the local and systemic immune responses against
rotavirus. Furthermore, we demonstrate that our strategy not
only stimulate the humoral immunity but in addition, a specific
Th1 mucosal response can be also generated against the antigens
administered with IBLP. Our results suggest that the adjuvant
potential of IBLPs could also be exploited for subunit vaccines,
as it was the case of the hepatitis E virus (HEV) capsid protein
(ORF2) orally administered with IBLP1505 or IBLP027, which
induced both antigen-specific humoral and cellular immune
responses in mice (30). Then, the evaluation of the ability of
rotavirus antigens co-administered with IBLP or fused to a
LysM domain and expressed on the surface of IBLP to generate
specific protective immune responses is an interesting topic of
on-going research.

Some studies have demonstrated that the administration
of viable immunobiotic lactobacilli with attenuated rotavirus
vaccines significantly augment the ability of the vaccine to
stimulate the specific humoral immune response. In this regard,
by using a neonatal gnotobiotic pig model, Wen et al. (31)
demonstrated that orally administered L. rhamnosusGG increase
the levels of virus-specific intestinal IgA after vaccination
with attenuated human rotavirus. Similarly, L. acidophilus
NCFM improved rotavirus-specific antibody production as
well as memory B-cell responses to attenuated rotavirus
vaccine (32). In line with those studies, we showed here that
orally administered viable L. rhamnosus CRL1505 improved
the humoral immune response of rotavirus-vaccinated mice.
Interestingly, mice immunized with rotavirus vaccine and viable
L. rhamnosus CRL1505 showed lower intestinal IgA and serum
IgG specific antibodies than mice vaccinated with IBLP1505
as mucosal adjuvant. This phenomenon could be related to
the great ability of viable L. rhamnosus CRL1505 to stimulate
the innate antiviral intestinal immune responses (11–13, 22).
Transcriptomic studies revealed the capacity of L. rhamnosus
CRL1505 to differentially modulate the innate antiviral immune
response in porcine intestinal epithelial cells. Higher expression
levels of type I IFNs as well as in several antiviral factors
including ifit1, nlpr3, mda5, msx1, rig1 ifit2, and mx2 were
found in CRL1505-treated cells when compared to control cells
(23). In addition, it was demonstrated in vitro that viable
L. rhamnosus CRL1505 is able to efficiently stimulate the
expression of IFN-γ in porcine intestinal CD172a+CD11R1−

macrophages (22). Then, we hypothesize that the administration
of viable L. rhamnosus CRL1505 to mice would improve those
antiviral mechanisms in the intestinal mucosa, allowing a
rapid an efficient elimination of attenuated rotavirus included
in the vaccine formulation. The effective elimination of the
attenuated pathogens by the innate immune mechanisms would
be responsible for the lower interaction of rotavirus with

DCs and therefore for the lower stimulation of the adaptive
immune response. These results indicate that IBLP1505 has
an advantage with respect to viable bacteria to stimulate the
intestinal and systemic specific adaptive immune responses
to attenuated virus. However, it is important to investigate
and compare the ability of viable L. rhamnosus CRL1505
and IBLP1505 to stimulate the adaptive immune responses
when subunit vaccines are used instead of vaccines based on
attenuated pathogens.

There is a growing need for the development of new and
improved mucosal vaccines to diminish the morbidity and
mortality associated to infectious diseases, particularly against
those targeting the respiratory and gastrointestinal tracts (17,
18). The search and characterization of mucosal adjuvants
to enhance the immunity against antigens is of fundamental
importance to advance in this path. In this regard, BLPs
obtained from immunomodulatory beneficial microorganisms
are an interesting alternative. Our findings indicate that an
appropriate selection of BLPs is necessary in order to find those
with the most efficient adjuvant properties. We propose the
term Immunobiotic-like particles (IBLPs) for the BLPs derived
from highly immunomodulatory strains such as L. rhamnosus
CRL1505 and L. rhamnosus IBL027 that are a promising
alternative for the development of mucosal vaccines.
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Aquafeed companies aim to provide solutions to the various challenges related to

nutrition and health in aquaculture. Solutions to promote feed efficiency and growth,

as well as improving the fish health or protect the fish gut from inflammation may include

dietary additives such as prebiotics and probiotics. The general assumption is that feed

additives can alter the fish microbiota which, in turn, interacts with the host immune

system. However, the exact mechanisms bywhich feed influences host-microbe-immune

interactions in fish still remain largely unexplored. Zebrafish rapidly have become a

well-recognized animal model to study host-microbe-immune interactions because of

the diverse set of research tools available for these small cyprinids. Genome editing

technologies can create specific gene-deficient zebrafish that may contribute to our

understanding of immune functions. Zebrafish larvae are optically transparent, which

allows for in vivo imaging of specific (immune) cell populations in whole transgenic

organisms. Germ-free individuals can be reared to study host-microbe interactions.

Altogether, these unique zebrafish features may help shed light on the mechanisms by

which feed influences host-microbe-immune interactions and ultimately fish health. In this

review, we first describe the anatomy and function of the zebrafish gut: the main surface

where feed influences host-microbe-immune interactions. Then, we further describe

what is currently known about the molecular pathways that underlie this interaction in

the zebrafish gut. Finally, we summarize and critically review most of the recent research

on prebiotics and probiotics in relation to alterations of zebrafish microbiota and immune

responses. We discuss the advantages and disadvantages of the zebrafish as an animal

model for other fish species to study feed effects on host-microbe-immune interactions.

Keywords: zebrafish, immunity, prebiotics, probiotics, microbiota, intestine, gut

ZEBRAFISH AS A MODEL FOR IMMUNITY

In late 1960s, the Hungarian molecular biologist George Streisinger obtained zebrafish (Danio
rerio) to investigate molecular mechanisms applying forward genetics in a vertebrate model
[reviewed in (1)]. Initially, researchers used zebrafish to study developmental biology followed by
the employment of zebrafish in numerous other fields. Among these, zebrafish stood-out as a model
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to study immunity due to the high presence (∼70%) of human
orthologous genes in the zebrafish genome (2) and its intrinsic
characteristics. Zebrafish are small (<5 cm), highly prolific
(200–300 new progeny per week) and fast growing compared
to mice. Zebrafish develop ex-utero which, combined with
the embryos’ transparency, enables investigation of ontogeny
in vivo from an early time point in development [reviewed
in (3)]. Moreover, the use of transgenic fish facilitates in
vivo visualization of specific immune cell populations such as
neutrophils (4) based on expression of the neutrophil-associated
enzyme myeloperoxidase (5) using fluorescent microscopy. In
addition, their well-annotated genome eased the generation of
mutant zebrafish lines, some of which contributed to elucidate
immune gene functions [reviewed in (3)]. In the last decade,
genome editing techniques based on Zinc finger nuclease
[reviwed in (6)], TALENs (7) and the highly successful CRISPR-
Cas technique (8, 9) changed the speed at which single gene
functions can be addressed in this model organism. Currently
gene insertion still appears more challenging than gene knock-
out, something that will undoubtedly change in the near future
(10). Zebrafish characteristics combined with these unique
research tools established these small cyprinids as an important
animal model to study immune processes and underlying
molecular mechanisms.

ZEBRAFISH INTESTINE: STRUCTURE,
FUNCTION, AND MICROBIOTA

Zebrafish do not have a stomach and their digestive tract
is anatomically divided into separate sections: the mouth,
the esophagus, three gut segments (anterior, middle, and
posterior) and the anus. The zebrafish esophagus is connected
with the anterior gut segment, where the nutrient absorption
predominantly occurs due to a high presence of digestive
enzymes. Nutrient uptake gradually diminishes from the anterior
to the posterior gut segments. Ion transport, water reabsorption,
fermentation processes as well as certain immune functions occur
in the middle and posterior gut segment (11, 12). Wang et al.
investigated the gene expression of the adult zebrafish gut and
compared it to the gut of mice which is anatomically divided
into: mouth, esophagus, stomach, three small intestine sections
[duodenum, jejunum, and ileum), cecum, large intestine, rectum
and anus (13)]. In this study the zebrafish gut was divided into
equal-length segments (called S1–S7, from anterior to posterior)
and, based on subsequent transcriptomic analysis, regrouped
into three main segments: S1–S5, S6, and S7 corresponding to
small and large murine gut (14). Subsequently, Lickwar et al.
performed transcriptomics on adult intestinal epithelial cells
(IECs) from zebrafish, stickleback, mouse and human (15).
They specified that the segments S1-S4 of the zebrafish gut
presented 493 highly expressed genes from which 70 were also
upregulated in the mouse anterior gut (duodenum and ileum-
like segments). Next to this, the authors found a core set of
genes present in all vertebrate IECs as well as conservation in
transcriptional start sites and regulatory regions, independent of
sequence similarity (15).

Besides all the similarities described above, there are clear
anatomical differences between zebrafish and the murine
digestive tract. Zebrafish do not have a stomach, intestinal crypts,
Peyer’s patches nor Paneth cells [reviewed in (16)]. In addition,
there are dissimilarities in feeding habits, environmental
conditions, body sizes and/or specific metabolic requirements.
The fact that for instance, lipid metabolism is regulated by similar
gut segments between zebrafish and mouse does not imply
homology since their metabolism differs greatly: i.e., zebrafish
do not have brown fat (13). Still it remains striking that IECs
of different species are more similar in gene expression and
regulation (regardless of species intestinal anatomy or feeding
habits) than different cell types of the same species (15). The
evidence that gene expression and regulation of this expression
in the gut is so highly conserved between species suggests
the potential of zebrafish as a valid model for other fish
species such as other cyprinids or salmonids when investigating
intestinal function.

It has been shown in mice that colonization of the gut
with specific microbes induces immune system function. For
example, colonization of germ-free (GF) mice with segmented
filamentous bacteria induced activation of CD4+ T cells as
well as IgA production (17). Rawls et al. generated a GF
zebrafish larval model to study the function of the gut
microbiota (18). Using this model they examined the effect
of colonization on the host transcriptional response (6 dpf -
days post fertilization- larvae) by DNA microarray analysis.
Similarly to mice or humans, microbiota-associated gene
expressions clustered in several canonical pathways mainly
related to four physiological functions: epithelial cell turn-
over, nutrient metabolism, xenobiotic metabolism, and innate
immune responses (18). In mammals, microbiome colonization
may occur during birth (19) or prenatally in the womb (20).
In zebrafish, microbiome colonization is thought to occur
at hatching although vertical transmission of microbiome
components during oviposition has also been suggested (21).
Recently, the colonization cycle of microbial species into the
gut of zebrafish larvae has been studied in more detail using
several generations of GF zebrafish larvae mono-associated with
Aeromonas veronii (22). The colonization cycle was found to
be divided in four steps: (1) immigration of environmental
microbes into the fish, (2) gut adaptation of such microbes, (3)
microbe emigration from the host to the environment, and (4)
environmental adaptation of the microbes. Both environmental
and host gut microbial adaptation were assessed by microbial
growth rate, abundance and persistence within the gut or the
environment. When comparing four evolved isolates (undergone
multiple cycles through the host) and the ancestral strain the
authors observed that the evolved isolates were more abundantly
present in the fish gut, emphasizing the role of immigration and
further adaptation of species into the zebrafish gut.

Earlier colonization studies showed that immigration into
the host and gut adaptation are found to be time-specific
for each microbe: γ-Proteobacteria were highly abundant in
environmental samples as well as in the gut of zebrafish larvae
while β-Proteobacteria were mostly abundant in environmental
samples and in the gut of juvenile zebrafish, indicating a

Frontiers in Immunology | www.frontiersin.org 2 February 2020 | Volume 11 | Article 114103

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


López Nadal et al. Zebrafish: Immunity, Feed, and Microbiota

delayed colonization by certain species of β-Proteobacteria after
initial exposure (23). Further research may clarify the specific
species involved in the colonization process and whether the
colonization delay is due to low microbe immigration to or
adaptation to the host gut. During colonization, two major
microbial shifts in colonization of zebrafish were described: a first
shift at 10 dpf from embryo to larvae and a second shift between
35 and 75 dpf, from juvenile to early adult (23). During the first
shift at 10 dpf some individuals had high taxa an richness samples
(resembling embryos) while others showed low taxa richness
and diversity (resembling juveniles). This distribution could
be the result of different developing speed among the larvae.
Since feeding generally commences at 6 dpf and zebrafish larvae
actively hunt for the (live) feed some fish grow and develop faster
than others. In support of the zebrafish observations, studies in
other fish species also describe an age-dependent decrease in
species density and diversity of the gut microbial community
from larval to adult stages [reviewed in (24)]. The embryo-
to-larva shift could be due to the consumption of exogenous
feed (Paramecium) and the juvenile-to-early-adult shift could
be due to physiological processes such as sexual maturation
(23). Nonetheless, it cannot be excluded that microbiota may
adapt and expand due to certain feed components or that the
live feed itself brings along microbes and microbial analysis of
feed samples could further clarify gut colonization dynamics.
Most significantly, so far a putative contribution of a maturing
immune system regarding microbiota composition has hardly
been addressed in zebrafish.

Larval zebrafish have functional and well-developed organs
but their immune system is not completely mature yet. Adaptive
immunematuration in zebrafish is an active research topic within
the scientific field. In a relatively small study, we showed that T
cells control Proteobacteria (Vibrio) abundance in the zebrafish
gut, providing evidence that like in mice the adaptive immune
system plays a role in shaping the microbiota composition
(25). T cells are present in the thymus by 4 dpf as shown
by using CD4-1:mCherry transgenic zebrafish (26) and CD8a+
antibody staining (27). It was shown that T cells egress from
the thymus as early as 10 dpf. This suggests that from that time
point onwards systemic adaptive responses could be mounted
in the zebrafish. However, more in depth studies on the exact
timing (the variability thereof) and functionality of these thymic
emigrants are warranted.

After the initial colonization period, important for both
host and microbe development, the microbiota is believed to
enter a stable state. Comparison of gut microbiota of wild-
caught zebrafish and zebrafish raised in two separate laboratory
facilities revealed that there is a shared so-called core gut
microbiota (23, 28). High quality 16S rRNA gene analysis
showed common and abundant bacterial groups represented
by 21 operational taxonomic units (OTUs), dominated by
members of the Proteobacteria phylum (genera Aeromonas
and Shewanella) followed by Fusobacteria or Firmicutes (class
Bacilli), Actinobacteria and Bacteroidetes phyla (28).

In conclusion, all organisms on earth are colonized with
bacterial species from their environment. The host and
colonizing microbes adapt to ensure fitness of both the host

and microbiota. It is important to realize that only performing
colonization studies using zebrafish larvae may not represent the
complete picture. Especially the maturation of the host immune
system can have a profound effects on shaping the intestinal
microbiota and, therefore, extrapolation of larval results to
juveniles or adults should be carefully examined. Nonetheless,
the fact that zebrafish can be reared GF and are still optically
transparent at 10 dpf together with the possibility of transgenesis
of immune cell populations make zebrafish a very powerful
organism to study the timing of microbial colonization and
immune system maturation.

SHAPING THE MICROBIOTA:
ENVIRONMENTAL AND HOST FACTORS

Microbes can establish symbiotic relationships with their host
by, for instance, facilitating nutrient digestion of diets. Host
(biotic) and environmental (abiotic) factors play a role in the
modulation of the (intestinal) microbiota. For example, zebrafish
larvae exposed to naturally found concentrations of antibiotics
together with an antinutritional factor (soy saponin) showed
an increased neutrophil recruitment in the gut as well as
dysbiosis in the overall microbiome composition (29). A meta-
analysis of 16S rRNA gene sequence data from 25 individual
fish gut communities (30) integrated five already published
zebrafish data-sets (28, 31). Microbial intestinal communities
from different species clustered together and separately from
environmental samples. Within the intestinal microbial cluster
different gut bacterial communities exist depending on trophic
level (herbivores, carnivores, or omnivores), habitats (saltwater,
freshwater, estuarine, or migratory fish), and sampling methods
(30). Taking the observations together, the symbiotic process
between host and bacteria is highly conserved and partly depends
on diet and natural habitat.

So which host mechanisms influence the gut microbiota
composition? In order to study to what extend the gut selects
the microbial community, GF mice were colonized with gut
microbiota of conventionally-raised (CONV) zebrafish and vice-
versa, GF zebrafish were colonized with gut microbiota of
CONV mice. The mouse microbiota generally contains a higher
proportion of Firmicutes and Bacteroides compared to the
zebrafish microbiota which is dominated by Proteobacteria.
Interestingly, after transfer of the mouse microbiota into GF
zebrafish, the relative abundance of the Proteobacteria increased
toward a microbiota composition of zebrafish. Vice-versa,
when zebrafish microbes (dominated by Proteobacteria) were
transferred to mice recipient the Firmicutes from this zebrafish
content flourished up to >50% compared to the Firmicutes
abundance of 1% in original zebrafishmicrobiota (31). Therefore,
it seems that the host gut environment shapes the microbiota.

The immune system is part of this host gut environment. For
example, zebrafish gut macrophages can shape the microbiota
via interferon regulatory factor irf8. Adult irf8-deficient
zebrafish displayed a reduced number of macrophages (mpeg1.1
promoter), presented reduced c1q genes expression (c1qa,
c1qb, c1qc, and c1ql) and severe dysbiosis (Fusobacteria, α-
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and γ-Proteobacteria diminished in favor of δ-Proteobacteria)
compared to controls. Downregulation of c1q genes may imply
an ineffective complement system which could contribute to the
observed dysregulation of commensal microbiota. Restauration
of irf8 expression reversed c1q genes expression and the levels
of commensal microbes (32). However, a recent study showed
that the mpeg1.1 promoter is not only marking macrophages
but also phagocytic B lymphocytes in adult zebrafish (33). This
might indicate that B cells might also play a role in shaping
the microbiota.

In addition to the influence of the fish innate immune system
on shaping the microbial communities, there is evidence that
the adaptive immune system also plays a role in this process.
Adult wild-type zebrafish displayed a decreased abundance of
Proteobacteria (Vibrio) compared to zebrafish lacking adaptive
immunity (rag1-/-), indicating that the innate immune system
alone cannot fully regulate all members of the microbiota in the
gut. Also, adoptive transfer of T and non-T cells (B and NK-like
cells) from wild-types to rag1-/- fish showed that transfer of T
cells, but not B/NK-like cells, in the rag1-/- fish diminishedVibrio
spp. outgrowth 1 week after transfer, suggesting that T cells could
regulate the abundance of certain intestinal microbial species.
Furthermore, the lack of adaptive immune response together
with altered microbiota induced an inflamed state in the gut
of aged zebrafish (14 weeks post feralization): il-1β and cxcl2-
l2 were upregulated and il10, ifnγ , and il17f2 downregulated
compared to controls. These aged rag1-/- zebrafish developed
dropsy (edema caused by bacterial infection) or became anorexic,
confirming the physiological effects of an absence of adaptive
immunity and possibly a dysregulated microbiota (25). Others
also tested the contribution of the adaptive immune system
to gut microbiota in adult zebrafish. In this study, rag1-/- or
wild-type zebrafish were either housed separately or were co-
housed. In segregated genotypes, rag1-/- microbial communities
differed from that of wild-types, suggesting a selective pressure
of the adaptive immune system. However, such effect was lost
when rag1-/- and wild-type zebrafish were housed together (34).
This study suggested that housing could have more influence
on microbial diversity than (the absence of the) adaptive
immunity. The observation seems to contradict an earlier meta-
analysis where different rearing conditions did not result in
phylogenetically divergent gut microbiota although cohousing
of distinct genotypes was not included in their study (30). Even
though the exact extent to which the host immune system affects
the microbiota is not completely elucidated, the aforementioned
studies (25, 31, 32, 34) suggest selective pressures of the innate
and adaptive immune system on the composition of the host
gut microbiota.

Contrary to the putative selective pressure of the gut immunity
on the microbiota, chance and random distribution (neutral
model) was also investigated as explanation for the initial/early
assembly of the zebrafish gut microbial community (35). Non-
neutral processes, such as immune system or feed could become
more important for microbial modulation at older stages. Gut
bacterial communities in zebrafish could be modulated mostly
by ecological dynamics outside of the host, on a broader scale
(35, 36). Although microbial ecology processes outside the host

certainly play a role in the assembly of the host-gut microbiota,
it seems unlikely that chance and random microbial dispersion
could vastly explain the similarities of gutmicrobial compositions
across species (30). The fact that gut microbial communities of
mammals and fish cluster together suggests that specific pressures
to the intestinal environment shape the intestinal microbiota.
The earlier mentioned colonization cycle proposed by Robinson
et al. (22) already takes into account a broader perspective
of the environmental ecology including extra- and intra-host
factors, such as gut adaptation of the microbes, but only non-
fed larvae were analyzed. Taken together these observations, it
is highly probable that the intestinal microbiota is, at least partly,
modulated by the innate and adaptive host-immune system.

MICROBE-HOST INTERACTION IN
ZEBRAFISH INTESTINE: MOLECULAR
IMMUNE MECHANISMS

The host gut exerts selective pressure on the microbiota
(reviewed in the section above), which in turn influences
host immune responses. In Figure 1, we summarized the
host-microbe molecular pathways in the zebrafish gut cells.
Commensal gram-negative microbes produce low quantities
of lipopolysaccharide (LPS) which activate intestinal alkaline
phosphatase (Iap) (44). Iap is an endogenous protein located
in the apical intestinal epithelium and secretes surfactant-
like particles to the intestinal lumen (45). Activated Iap
counteracts LPS-associated intestinal inflammation, as quantified
by neutrophil infiltration in the gut of zebrafish larvae (37). In
mammals, after Toll like receptor (TLR)-microbial recognition
and Myd88 adaptor protein activation, a downstream signaling
cascade follows, including nuclear factor κ-light-chain-enhancer
of activated B cells (NF-κB) signal transduction to the nucleus
[reviewed in (46); and in (47)].

Recently, a TLR2-Myd88-dependent transcriptional feedback
mechanism was described upon microbial colonization by using
myd88 deficient zebrafish larvae (38). The proposed mechanism
involves microbial stimuli being recognized by TLR2 and partly
suppress myd88 but enabling enough myd88 transcriptional
activity to possibly induce protective mucin secretion in the
apical intestinal epithelium. However, downstream TLR-myd88
induction of mucin has only been demonstrated in ex-vivo mice
experiments (48) and not yet in zebrafish. In GF zebrafish, TLR2
cannot suppress myd88 expression and its elevated levels leads
to stimulation of activator protein 1 (AP-1) transcription factors,
which resulted in an overall increase in leukocytes (macrophages)
in the gut (38). Nonetheless, GF zebrafish did not show enhanced
inflammation as could be expected from AP-1 over-expression.
Thus, other mechanisms perhaps absent in larval stages–i.e.,
adaptive immunity- must be involved in myd88 regulation.
Knock-out myd88-/- juveniles or adult zebrafish could be used
to further investigate the role of adaptive immunity in regulating
microbe-host interaction.

In line with the observation that Myd88 is a key regulator of
host-microbe interaction in the gut of larval zebrafish, microbiota
determined secretory or absorptive differentiation of IECs via
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FIGURE 1 | Immuno-modulatory molecular pathways regarding the microbe-host interaction in the epithelium of the zebrafish intestine. We depicted the molecules

involved in the proliferation of epithelial cells and in the neutrophil influx as a host-responses to microbiota in the zebrafish gut. In black arrows activation processes, in

red inhibition processes. Genes are in italics and host-associated responses are underlined. Numbers correspond to articles proving such molecular interactions: 1:

Bates et al. (37); 2: Koch et al. (38); 3: Troll et al. (39) 4: Kanther et al. (40), 5: Murdoch et al. (41), 6: Cheesman et al. (42), and 7: Rolig et al. (43).

inhibiting Myd88-Notch signaling (39). Notch signaling is a
crucial mechanism for intestinal stem cell differentiation into
secretory intestinal cells in zebrafish (49). The study focused
more on the downstream Myd88 signaling rather than on the
recognition of themicrobes via TLRs. TLRs have been thoroughly
studied in zebrafish [reviewed in (50)] yet to our knowledge
there are no studies showing a direct link of feed components to
subsequent TLR-myd88-Notch signaling and increased secretory
fate of IECs (Goblet cell differentiation) via changes in the
microbiota. In the future, several TLR knock-out zebrafish could
be engineered to understand how specific feed components
and/or the microbiota trigger relevant molecular pathways.

Single microbial species can also influence the zebrafish
larval immune system. Gram-negative Pseudomonas aeruginosa
stimulatedNF-κB-dependent expression of innate immune genes
such as complement factor b (cfb) and serum amyloid a (saa)
which enhanced neutrophil influx (40). In a recent article,
saa-deficient zebrafish displayed aberrant neutrophil responses
to wounding but increased clearance of pathogenic bacteria.
Interestingly, saa function depended on microbial colonization
of GF individuals. To prove that saa produced in the gut
can systemically affect neutrophil recruitment, they created a
transgenic zebrafish expressing saa specifically in IECs by using
the cldn15la promoter fragment to drive mCherry fluorescence,

located in the IECs. Saa produced in the gut in response
to microbiota systemically prevented excessive inflammation
(tested by tail amputations) as well as reduced bactericidal
potential and neutrophil activation (41). Thus, besides the
aforementioned functions (38, 39), Myd88 activation after
TLR-microbial recognition orchestrates neutrophil migration to
inflamed tissues as previously shown by Kanther et al. (40) and
also pathogenic bacterial clearance in a saa-dependent manner
(41) in zebrafish larvae in response to microbiota.

Further molecular pathways have been studied by generating
specific gene mutations in zebrafish, such as axin1. Axin1
mutant zebrafish showed upregulated Wnt signaling and β-
catenin protein levels (42). It was previously shown in mice
that β-catenin accumulates in the cytoplasm and, at a threshold
concentration, translocates to the nucleus where (with cofactors
such as intestine-specific transcription factor Tcf4) it switches
on expression of pro-proliferative genes like c-myc or sox9
(51, 52). Induction of c-myc and sox9 in turn increases
IEC proliferation. Similarly, axin1 mutant zebrafish showed
increased cell proliferation in the intestine but not when axin1
mutant zebrafish were reared GF, indicating that the microbiota
triggers this increased cell proliferation, confirming earlier
results showing increased epithelial turn-over upon microbial
colonization (18). Interestingly, mono-association of resident

Frontiers in Immunology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 114106

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


López Nadal et al. Zebrafish: Immunity, Feed, and Microbiota

bacteria Aeromonas veronii was enough to increase intestinal cell
proliferation in axin1mutant zebrafish by the same mechanisms:
upregulating Wnt signaling and β-catenin protein expression.
It can be concluded that the microbiota plays a role in the
proliferation of epithelial cells in the zebrafish gut during
microbial colonization via two mechanisms: TLR recognition
with Myd88 downstream signaling and Wnt signaling with
β-catenin protein accumulation and pro-proliferative gene
activation (42). Increased intestinal cell turnover in the
developing zebrafish larvae may be beneficial for the host to
renew damaged epithelial cells and to shed potentially pathogenic
bacteria attached to the epithelium.

To quantify host immune responses to multi-species rather
than mono-association, a species quantitative model was
created. Two variables were assessed in the zebrafish larvae
model: the neutrophil response to individual strains and the
absolute abundances of community members. Specific microbes,
regardless of their relative abundances, played a major role
in the neutrophil influx. GF zebrafish were colonized with
different species (Aeromonas, Vibrio, and Shewanella) and
neutrophil influx into the gut was investigated. Shewanella
partly inhibited the Vibrio induction of neutrophil influx in
the gut via cell-free supernatant (CFS). However, Shewanella
CFS did not alter neutrophil influx in combination with
Aeromonas mono-association (53). This study stresses the
fact that mono-association experiments may be important to
understand molecular mechanisms, however they may not
reflect the in vivo situation where microbial species affect each
other. Here, the authors used zebrafish larvae and neutrophil
influx as the immune parameter, it would be interesting to
see effects on other immune mediators, such as eosinophils
which are abundantly present in the zebrafish gut. Although
the knowledge of immunomodulatory factors produced by fish
gut microbiota is limited, a recent study discovered a unique
protein AimA (“Aeromonas immune modulator”) secreted by
Aeromonas veronii, which benefit both host and microbe. While
AimA protects the host by preventing chemically and bacterially-
induced intestinal inflammation, it protects A. veronii from
host immune response and enhances colonization (43). Further
studies are needed to understand how specific bacterial species
and their associated secreted molecules are involved in overall
immune modulation in the zebrafish intestine and systemically.
For further reading on the modulation of innate immunity to
commensal bacteria, we refer to a recently published review of
Murdoch and Rawls (54) and for a more extensive review on
hematopoiesis in the developing zebrafish to the review of Musad
and coworkers (55).

IMPACT OF PREBIOTICS AND
PROBIOTICS ON THE ZEBRAFISH
MICROBIOTA AND GUT IMMUNITY

In their natural environment, adult zebrafish eat zooplankton
and insects. Analysis of the zebrafish gut content also revealed
the presence of phytoplankton, spores and filamentous algae,
among others [reviewed in (56)]. There is not a standard diet

for zebrafish in captivity and feeding practices include feeding
a mixture of live feeds such as rotifers, ciliates, Artemia nauplii
and formulated dry feeds (57). Supplementary ingredients have
been investigated in several commercially relevant fish species
in order to increase growth and control aquaculture related
diseases (58). More specifically, fish microbial communities
may influence the immune system and decrease aquaculture-
related diseases [reviewed in (24)]. An overall summary of key
operational taxonomic units (OTUs) in various tissues (skin, gut,
gills, and digesta) have been associated with fish diseases and
infections compared to the wild-type individuals [reviewed in
(59)]. The use of zebrafish as experimental model to develop
novel feeds for farmed fish has gained interest, especially for
the development of prebiotics and probiotics as immune and
microbiomemodulators [reviewed in (60)]. Althoughmost of the
prebiotics and probiotics assure benefits for the host, a careful
assessment of their effects remains important, as shown for effects
of human probiotics uncovering problematic research design,
incomplete reporting, lack of transparency or under-reported
safety were described [reviewed in (61)]. In the next section,
we review the current literature on the effects of prebiotics and
probiotics on the immune system and microbiota of zebrafish.

PREBIOTICS

Prebiotics can be defined as non-digestible feed ingredients
that have a beneficial effect toward the host by selectively
stimulating the growth or the activity of commensal gut
bacteria and thus improving host health [reviewed in (62)].
Prebiotics most often consist of small carbohydrate chains
that are commercially available as oligosaccharides of glucose
(like β-glucans), galactose, fructose, or mannose. The use of
prebiotics as immuno-stimulants in farmed fish feed has been
reviewed elsewhere (63), however the effect of prebiotics on
zebrafish (gut) health and on microbiota composition needs
further examination. We summarized such studies in Table 1.
Most of the studies have been performed in larval zebrafish
and only very few studies have been performed in adults. The
most employed prebiotics in zebrafish research were fucoidans
(sulphated polysaccharides mainly present in brown algae
and brown seaweed), β-glucans (β-D-glucose polysaccharides
extracted from cell walls of bacteria and fungi) and sometimes
others, such as galactooligosaccharides. It is of note that not
much is known about the modulation of the microbiota by
prebiotics since most of the reviewed studies only investigated
their immune stimulatory effects.

Fucoidans extracted from several brown algae; Eklonia cava
(64), Chnoospora minima (66), and Turbinaria ornata (65) were
administrated to zebrafish larvae in the water. In all three studies,
larvae exposed to fucoidans displayed reduced levels of reactive
oxygen species (ROS), inducible nitric oxygen synthase (iNOS)
and improved cell viability in whole larvae after LPS challenge
(64–66). However, in these studies the candidate prebiotics
were diluted in the water when the embryos were 8 h post-
fertilization. Since the mouth of the zebrafish embryo does not
open until 3 dpf and the complete digestive tract is not fully
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TABLE 1 | Summary of prebiotics, probiotics, and synbiont studies performed in zebrafish regarding immunity and microbiota.

Specie(s)/strain(s) Zebrafish age Microbiota composition Immune-modulatory effects Other relevant parameters References

Prebiotic Fucoidan from Eklonia cava Embryos (not specified) – – Reduced the levels of ROS and NO after

challenge with LPS and tail cutting

– (64)

Prebiotic Fucoidan from Turbinaria

ornata

3 dpf – – Reduced LPS-induced levels of COX2, iNOS,

and ROS.

−Improved cell viability (65)

Prebiotic Fucoidan from Chnoospora

minima

3 dpf – – Reduced LPS-induced levels of COX2, iNOS,

and ROS.

−Improved cell viability (66)

Prebiotic β-glucan from oats 5 dpf – – Upregulation of tnfa, il-1β, il10, il12, defb1,

lyz, c-rel.

−Increased survival after E. tarda

challenge.

(67)

Prebiotic β-glucan 4 hpf−6dpf – – Upregulation of tnfa, mpo, trf, lyz −Increased survival after Vibrio

anguillarum challenge

(68)

Prebiotic Fucoidan from Cladosiphon

okamuranus

6–9 dpf and adult zebrafish –Decreased E coli and favored

Rhizobiaceae and

Burkholderiaceae in adults gut

but not overall larvae.

– Reduction of il-1β but not cxcl8, il10 nor tnfb

in the zebrafish adult gut

−Increase of il-1β, il10, tnfb and mmp9 in

overall larvae.

– Ikeda-

Ohtsubo

et al. (in this

issue)

Prebiotic Galactooligosaccharide

supplemented in diet (0.5,

1, and 2%)

Adult zebrafish (8 weeks

feeding)

– –Upregulation of tnfa and lyz

−Increase in total

immunoglobulin concentration.

– (69)

Probiotic 2 yeast species:

Debaryomyces (Db) and

Pseudozyma (Ps)

2–3 dpf yeast exposure, gut

sampling at 14 dpf

−Core microbiota differed from

controls.

–Reduced Bacteroidetes

abundance.

–Db increased species richness.

–Db increased abundance of

Pediococcus and Lactococcus.

– – (70)

Probiotic Lactobacillus casei BL23 From 3 to 25 dpf – –Upregulated expression of il-1β, C3a and il-10

after 8 or 24 h post-challenge with A.

hydrophila.

−Increased survival after A.

hydrophila challenge

(71)

Probiotic Yeasts: Yarrowia lipolytica

242 (Yl242) and

Debaryomyces hansenii 97

(Dh97)

At 4 dpf, 2 h exposure –Germ-free (GF) larvae and

conventionally raised (CONV)

larvae.

–Upregulation of il-1β, c3, tnfa, mpx, and il10 in

CONV larvae after V. anguillarum challenge

−Pre-treatment with Dh97 and Yl242

prevented gene upregulation in CONV and

GF larvae.

–Increased survival of CONV and

GF larvae due to yeast after

challenge with V. anguillarum (GF

higher mortality than CONV).

(72)

Probiotic Lactobacillus plantarum

ST-III (LAB) and bile salt

hydrolase (BSH). Exposure

to Triclosan (TCS) alone or

with LAB (TL) or BSH (TB).

From 4 hpf to 90 dpf −Gut microbiota clustered: LAB

> Control > TL and BSH > TB

> TCS.

–TCS shifted the microbiota and

when LAB or BSH co-exposed

microbiota resembled more

to controls.

–LAB and TL reduced malonaldehyde in the

gut.

–TCS upregulated NF-kB and il-1β, tnfa

expression.

–TCS increased CD4+T cells in the lamina

propria.

–TCS thinned intestinal mucosa, destructed

epithelia and increased goblet cells.

–TCS induced fibrosis, increased

lipid droplet, increased

triglycerides, and total cholesterol

concentrations in the liver

compared to controls and LAB/TL

treated fish.

(73)

Probiotic 15 yeast strains At 4 dpf, 2 h exposure – –Larvae after V. anguillarum displayed more

neutrophils outside the caudal hematopoietic

tissue

–All yeast except Mv15 and Csp9

increased survival after V.

anguillarum challenge.

(74)

(Continued)
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TABLE 1 | Continued

Specie(s)/strain(s) Zebrafish age Microbiota composition Immune-modulatory effects Other relevant parameters References

Probiotic L. plantarum WCFS1 and

NA7 and L. fermentum

ATCC9338, NA4, and NA6.

At 5 dpf, 24 h exposure GF larvae –NA4 exposure prior to TNBS challenge

lowered levels trfa and il-1β

– Il-10 expression was higher in larvae exposed

to NA4

– (75)

Probiotic 37 commensal or probiotic

Gram-positive and

Gram-negative bacteria

6–9 dpf – – –Increased survival by V.

parahaemolyticus, E. coli ED1a-sm

and E. coli MG1655 F’ upon E.

ictaluri infection.

(76)

Probiotic Lactobacillus rhamnosus 96 hfp, 6 and 8 dpf –Increased the rel. abundance of

Firmicutes

–Enlarged enterocytes and microvilli on the

apical surface of the epithelium.

–Increased total length and wet

weight at 8 dpf.

(77)

Probiotic B. coagulans, L. plantarum,

L. rhamnosus,

Streptococcus

thermophilus,

Bifidobacterium infantis.

Adult zebrafish (28 days

feeding)

– –B. coagulans and L. plantarum reduced the

number of Masts cells in the gut after A.

hydrophila challenge.

–B. coagulans and L. plantarum reduced

expression of tnfa and il10 and increased il-1β

in the gut.

–B. coagulans and L. plantarum

reduced mortality after A.

hydrophila challenge.

(78)

Probiotic Lactobacillus plantarum Adult zebrafish (30 days

feeing)

–L. plantarum clustered gut

microbiota independently

–Reduced rel. abundance of

Vibrionaceae,

Pseudoalteromonadaceae, and

Leuconostrocaceae and

increased Lactobacillaceae,

Stenotrophomonas,

and Catenibacterium.

–Not clear effect of L. plantarum –Upregulated canonical pathways

related with energy metabolism

and vitamin biosynthesis.

(79)

Probiotic Lactobacillus rhamnosus Adult fish (10 days feeding) – –Upregulated expression of il1b, tnfa, and

becn1 in the gut.

– (80)

Probiotic 8 probiotic strains were

lyophilized and mixed with a

commercial diet

Adult fish (30 days feeding) – –Downregulated casp4 and baxa and

upregulated bcl2a in the gut.

– Upregulated il-1β, tnfa, myd88, il10, casp1,

nos2a, tgfb1a, nfkb, tlr1, tlr2, tlr3, and tlr9 (also

in protein level, expect for Tlr2).

–Upregulated cnr1/2 and abhd4

and downregulated faah and mgll

in the gut compared to controls.

(81)

Probiotic Bacillus amyloliquefaciens Adult fish (30 days feeding) – –Upregulated expression of il-1β, il6, il21, tnfa,

lyspzyme, tlr1, tlr3, and tlr4.

–Increased survival after A.

hydrophila and S. agalactiae

challenges.

(82)

Probiotic E. coli 40, E. coli Nissle, and

E. coli MG 1655 1ptsG.

Adult zebrafish –E. coli 40 and E. coli Nissle decreased mucin

found in water after V. cholerae O395 or V.

cholerae El Tor strain N16961 challenge.

– (83)

Probiotic &

prebiotic

Lactobacillus casei BL23

and

exopolysaccharide-protein

complex (EPSP)

3–12 dpf –Microbiota did not change due

to L. casei BL23.

–L. casei upregulated tnfa, il-1β, il-10, and Saa

after 24 h infection with A. veronii but

downregulated after 48 h.

ESPS increased tlr1, tlr2, il10, tnfa expression,

and decreased il-1β exp.

–L. casei BL23 and EPSP

increased survival after Aeromonas

veronii infection.

(84)

Probiotic &

prebiotic

Ecklonia cava (EC)

Celluclast enzymatic EC

(ECC)

100% ethanol extract

EC (ECE).

Adult zebrafish (21 days

feeding)

–E. cava induced L. brevis, L.

pentosus and L. plantarum

growth.

–EC combined with L. plantarum increased

iNOS and COX2 in the gut after E. tarda

challenge.

–EC, ECC, and ECE diminished

colony counts of E. tarda, S. iniae,

and V. harveyi.

EC reduced mortality after E.

tarda challenge

(85)
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developed until 6 dpf (12) such studies do not prove a prebiotic
effect on gut immunity. Preferably, zebrafish larvae with a fully
developed digestive tract (6 dpf or older) are employed to study
such interactions. Furthermore, prebiotics should be tested at
physiologically relevant concentrations. Testing a prebiotic in
zebrafish larvae may uncover a prebiotic function but often the
overall goal would be to formulate novel diets containing the
optimal concentration of prebiotic. For this aim, juvenile or adult
zebrafish would be more suitable. We investigated the effect of
fucoidan derived from the brown alga Cladosiphon okamuranus
on microbiota composition in whole larvae (water exposure)
and in adult zebrafish gut (feeding with flakes). In the gut of
adult zebrafish, gene expression of il-1β was reduced and the
dominant Escherichia coli (Proteobacteria) decreased in favor of
Rhizobiaceae and Burkholderiaceae after feeding with fucoidan,
while in larvae il-1β , il-10, tnfb, and mmp9 increased but no
microbial changes were observed (Ikeda-Ohtsubo, this issue).

Differently from fucoidans, β-glucans can act as
immunostimulators in zebrafish. Beta-glucans from oats,
upregulated gene expression of tnfa, il-1β , il-10, il-12, defb1, lyz,
and c-rel in a dose-dependent manner in 5 dpf whole zebrafish
larvae (67). In a similar study, β-glucan exposure from 4 hpf
until 6 dpf upregulated tnfa, mpo, tlf, and lyz gene expression
(68). In both studies, β-glucan administration in the water
hampers its uptake quantification by the fish and again the
exposure of very young larvae probably does not lead to gut-
related effects. Oligosaccharides such as galactooligosaccharides
(GOS) and fructooligosaccharides (FOS) are frequently used as
prebiotics in agriculture and human infant nutrition to boost
health via increased production of suggested beneficial bacterial
fermentation products (63). Adult zebrafish fed with GOS for 8
weeks at 0.5, 1, and 2% inclusion levels displayed upregulation of
tnfa and lyz expression and an increase in total immunoglobulins
in the whole zebrafish (69). However, no gut specific read-outs
were assessed.

It is clear that prebiotics can act on the immune system in a
specific manner depending on their source of origin. Fucoidans
can decrease inflammation markers whereas β-glucans and
GOS increase gene expression of pro-inflammatory cytokines.
Despite the promising outcomes, the vast majority of studies
exposed undeveloped larvae to prebiotics which are unable
to ingest the additive via free feeding. Prebiotics research
should carefully evaluate gut health because is the organ where
feed can potentially modulate the microbiota and the host
immune system. If such candidate prebiotics are included within
dry pellets and administrated to fish slightly before satiation
(ensuring fish eat all the pellets), it is feasible to estimate the
prebiotic gut levels and assess effects on gut microbiota and
immunity with more clarity.

Several methods not yet extensively employed in the
previously mentioned prebiotic studies may also be suitable for
prebiotics gut health research in zebrafish. Firstly, histology and
immunohistochemistry staining is needed to understand the
immuno-modulatory effects in the gut tissue (i.e., disruption
of the normal gut architecture). Transgenic zebrafish could
potentially help to clarify which subpopulations of immune
cells infiltrate the gut using fluorescently-activated cell sorting

(FACS) and imaging. Furthermore, cell sorting of these sub-
populations together with transcriptomics would depict the
real effect of the prebiotic. Omics technologies (genomics,
transcriptomics, proteomics, etc.) play an increasing important
role in understanding the immune effects of aqua-feeds [reviewed
in (86)] and omics-based read-outs should become more popular
as their costs decrease.

Comparing the limited number of studies performed on
zebrafish with a much larger number of studies performed in
aquaculture species confirms that supplementation of β-glucans
to feed of Atlantic salmon, trout or sea bass increases immune
activity [reviewed in (87)] and trained immunity (88). However,
only a limited number of studies have been performed on GOS
supplementation. Dietary supplementation to Atlantic salmon
of GOS at 1 g/kg feed for 4 months did not show effects on
reactive oxygen species (ROS) production or lysozyme activity.
Research on the use of seaweed is increasing, for example
testing 10% inclusion levels of Laminaria digitata in feed of
Atlantic salmon (89). The dietary seaweed improved chemokine-
mediated signaling but the study only assessed transcriptional
responses after LPS challenge so further research into the health
effects of elevated or reduced gene expression is warranted.
This last example nicely supports the use of zebrafish model,
not to replace testing in aquaculture target species, but to
prescreen feed components and further dissect the mechanism
of action by live imaging and assessment of health parameters
for prolonged periods, something difficult to achieve in large and
costly aquaculture species.

PROBIOTICS

Already in 1907, Elie Metchnikoff related the use of probiotics
to elongation of life expectancy. For the purpose of this review
we define probiotics as a live or inactivated microorganism,
such as bacterium or yeast, that when administrated via feed
or water, confers a benefit to the host, such as improved
disease resistance or enhanced immune responses [adapted from
(90, 91)]. Probiotics can influence the health of the host in
several ways: secreting secondary metabolites that inhibit growth
of microbial pathogens and/or directly stimulating immune
responses to downregulate gut inflammation (92). Here we
focused on the probiotic studies in zebrafish concerning (gut)
immune and microbiota modulation (summarized in Table 1).

To assess potential health benefits of live probiotics it is
important to understand their optimal environment inside the
host (oxygen levels, pH, etc.) and their colonization route.
Probiotic-host interaction was addressed by a model of oro-
intestinal pathogen colonization in GF zebrafish (76). Firstly, 6
dpf zebrafish were exposed by immersion to 25 potential enteric
fish pathogens after which mortality was recorded during 3
days. Edwardsiella ictaluri caused the highest larvae mortality
and was further selected to challenge the fish. Then, larvae
were pre-colonized with single strains of 37 possible probiotics
prior to E. ictaluri challenge. From this extensive screening,
Vibrio parahaemolyticus, E. coli ED1a-sm and E. coli MG1655
F’ provided a significant increase in survival upon E. ictaluri
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infection. V. parahaemolyticus protected the host by inhibiting
E. ictaluri growth whereas E. coli protected via specific adhesion
factors, such as F pili involved in biofilm and conjugation
formations offering niches to other probiotic bacteria in the
host (76). It is of note that zebrafish gills, although they are
active in gas exchange 2 weeks after fertilization (93), provide
a potential portal of entry for pathogens. Regretfully, gills
were not included in the aforementioned study. Interestingly,
in the same study, Vibrio parahaemolyticus was assessed as a
possible probiotic whereas Vibrio ichthyoenteri was considered
as a possible pathogen. The majority of the microbiota studies
associate immune responses to taxonomic levels such as genera
or families (i.e., Vibrio spp.) rather than species or strains. As
a consequence, there is a generalization of an entire genus to
a functions that could be species or even strain-specific. Such
widely used generalizations may come from the difficulty to
generate amplicons that are long enough to discriminate between
closely related organisms. Besides, transcriptomics and shot gun
approaches are preferred over 16S rRNA gene analysis to depict
the active microbiota because they more informative regarding
the fish health status (21). Adult zebrafish were also used to
test probiotics as a model for human probiotic consumption.
Adult zebrafish were exposed to two E. coli strains (Nissle and
MG 1655 1ptsG) and challenged with species of Vibrio choleae
(strain El Tor). E. coli spp. decreased the mucin content found
in the tank water, indicator of diarrhea (83) although these
mucins could perhaps also result from skin shedding. It might be
interesting to assess whether these E. coli spp. increase secretory
cell development and therefore mucus secretion via reduction of
Myd88-Notch signaling as previously reviewed (39). In addition,
while in humans administration of bacteria via a solutions orally
ingested is an efficient way of ensuring ingestion, addition of
probiotics to the water may not guarantee uptake by fish and
may affect overall fish mucosa (skin, gills, gut) and not only
uptake in the gut. Besides, the environment of the fish gut is more
aerobic than the human gut environment (21) and lactic acid
bacteria may be outcompeted by other bacteria in these aerobic
conditions. This rationale may explain why human probiotics
(Lactobacillus spp.) tested in zebrafish by immersion did not
confer protection against E. ictaluri infection (76). Several studies
reported Lactic Acid Bacteria (LAB) as good probiotic candidates
due to their ability to withstand and adhere to the gut, their lactic
acid production which inhibits the growth of pathogenic bacteria
and their strengthening of the mucosal barrier (94). Zebrafish
immersed with Lactobacillus casei BL23 from 3-25 dpf displayed
an increased survival compared to controls after an immersion
challenge with Aeromonas hydrophila. Gut gene expression of
il-1β , C3a, and il-10 was upregulated after 8 and 24 h after A.
hydrophila challenge compared to controls (71). Interestingly,
potential probiotics from the genera Lactobacillus modulated
gene regulation in a strain-specific fashion. As a matter of fact,
GF larvae immersed with Lactobacillus fermentumNA4 displayed
an increased il-10 expression and a decreased il-1β and tnfa
expression after chemically-induced inflammation compared
to controls. However, in the same study, larvae immersed
with several strains of Lactobacillus plantarum (WCFS1 and
NA7] or other Lactobacillus fermentum strains (ATCC9338 and

NA6) did not show these differences in gene expression (75).
Dissimilarities in gene expression among the aforementioned
studies (71, 75) could be due to fish age (3–25 vs. 7 dpf),
tissue analyzed (gut vs. whole larvae) challenge applied (live
pathogen vs. chemical) and the specific Lactobacillus strain used
as a probiotic candidate. Bacillus amyloquefaciens supplemented
twice a day for 30 days in a commercial diet upregulated il-
1β , il-6, il-21 tnfa, lysozyme, tlr1, tlr3. and tlr4 expression in
adult zebrafish whole body and increased survival during A.
hydrophila and S. agalactiae challenge (82). Upregulation of
gene expression appeared related to enhanced innate immunity
although no other immune parameters were taken into account.
In another study in adult zebrafish, a commercial diet was
supplemented with multiple lyophilized probiotic strains for 30
days. The probiotic mix upregulated il-1β , tnfa, myd88, il-10,
casp1, nos2a, tgfb1a, nfkb, tlr1, tlr2, tlr3, and tlr9 expression in
the gut. Furthermore, the probiotic mix increased the protein
levels encoded by all the upregulated genes (except for Tlr2
protein) (81). On the one hand, certain bacteria of the probiotic
mix may have inhibited Tlr2, which in turn could have partly
suppressed myd88 (38). On the other hand, other bacteria
of the probiotic mix may have enhanced expression of other
TLRs that upregulated myd88 and the overall Myd88-balance
orchestrated innate immune responses. As previously reviewed,
microbial species can influence host immunity irrespective of
their abundance (53) and when usingmix of probiotics the effects
of each individual species are harder to disentangle. Other studies
using LAB as probiotics did not only examined gene expression
but also microbiota (73, 77, 79) and histological changes (77, 78)
in the zebrafish gut (Table 1). Some studies investigated the
potential of yeast as a probiotic for zebrafish. GF and CONV
zebrafish larvae were immersed from 2–3 dpf in solutions of
two yeasts after which gut microbiota were sampled at 14
dpf (70). Although microbial changes were observed, immune-
related outcomes where not measured so the probiotic effect of
the yeasts in this study remains undefined. In another study,
4 dpf zebrafish were exposed to 15 fluorescently labeled yeast
strains for 2 h prior to Vibro anguillarum challenge (74). Most
of the yeast strains conferred increased survival after challenge.
In a later experiment, the same group further studied two
of the yeast strains in GF and CONV larvae using a similar
set-up. Exposure to either yeast strain significantly increased
survival in GF and CONV larvae after V. anguillarum challenge
(72). CONV zebrafish challenged with V. anguillarum displayed
an upregulation of il-1β , c3, tnfa, mpx, and il-10 expression.
Pre-treatment with either yeast strain prevented such gene
upregulation in CONV and GF larvae, indicating that these yeast
strains might prevent or reduce the effects ofV. anguillarum (72).

Zebrafish have also been employed for synbiotic studies
which typically combine the use of prebiotics and probiotics.
Lactobacillus casei BL23 and an exopolysaccharide complex
(ESPS) were studied in combination in GF and CONV larvae
from 3 to 12 dpf. L. casei exposure upregulated tnfa, il-1β , il-
10, and saa expression after 24 h in a challenge with Aeromonas
veronii and downregulated expression of these genes after a 48 h
challenge. It is of note that the ESPS alone upregulated tlr1,
tlr2, il-10, and tnfa and downregulated il-1β after 24 h challenge.
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FIGURE 2 | Overview of the interaction of pre- and probiotics, immune system and microbiota in the zebrafish intestine. We summarized the interactions of microbiota

and feed components, immune system and feed components and microbiota and immune system. We highlighted the questions that still remain unsolved in the field.

Synbiotically, L. casei BL23 and EPSP improved survival dose-
dependently after A. veronii challenge (84). The combined
supplementation of E. cava enzymatic digest, with enhanced
biological activity, as prebiotic together with L. plantarum as a
probiotic in adult zebrafish for 21 days reduced the level of iNOS
and cyclooxygenase 2 (cox2) in the gut. Moreover, when prebiotics
and probiotics were administrated together, they increased
survival compared to L. plantarum-treated fish alone after a
challenge with E. tarda (85). Interestingly these studies suggest
that certain extracts and/or biologically active compounds rather
than the whole prebiotic may cause immune-modulation.

A large number of studies (co)exposed potential prebiotics
and/or probiotics to zebrafish to improve their immune
condition via microbial modulation (Figure 2). Remarkably,
in most of these studies, gene expression was assumed a
conclusive immunological read-out. Apart from the fact that gene
expression does not always translate to protein functionality,
often pro- and anti-inflammatory cytokines are upregulated or
downregulated depending on the dynamics and the timing of
the response. The gene expression may reflect the balance in the
host during an immune response: specific and strong enough to

fight potentially pathogenic bacteria but at the same time able
to tolerate commensal host microbiota (95). This balance is also
dependent on different cell types that work in concert to prevent
excessive damage to the host when acting against an invading
pathogen or ongoing inflammation. We need to understand the
role and presence of different immune cell types that are involved
in the different responses in much more detail before we can
try to modulate the response to the benefit of the host. To this
end, the zebrafish remains the ideal candidate model organism.
To date, more studies could have made use of the unique
tools in zebrafish such as live imaging of different transgenic
reporter zebrafish (cytokines as well as immune cell populations)
to get a much broader understanding of the complex dynamic
interactions of host-feed-microbe interactions.

CONCLUDING REMARKS

In this review we focused on the zebrafish as an animal
model to study the effect of feed on host-microbe-immune
interactions (summarized in Figure 2). Zebrafish are now
widely used as models to study fundamental and evolutionary

Frontiers in Immunology | www.frontiersin.org 11 February 2020 | Volume 11 | Article 114112

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


López Nadal et al. Zebrafish: Immunity, Feed, and Microbiota

processes that might uncover pathways relevant for both fish and
mammals. The studies on microbial composition development
summarized in this review reveal that although the gut microbial
composition is dependent on salinity, trophic level and host
phylogeny, mammalian, fish and insect gut microbiota still
cluster together and separately from environmental samples.
Thus, although mammals and fish live in distinct environments
and clearly have different physiology, gene expression and
regulation of gene expression in the gut is highly similar.
IEC transcriptional profiles are more similar between species
than responses of different cell types of the same species.
Therefore, experimentation with zebrafish seems suitable to
elucidate conserved molecular mechanisms.

Using zebrafish as a model for aquaculture species is of
interest. Eighty percent of farmed fish are other cyprinids and
therefore close relatives. We argue that using the zebrafish as
a model for aquaculture species brings several advantages yet
may never fully replace studies performed in the target species
for validation. Nevertheless, using zebrafish as a pre-screen
model to guide studies in aquaculture species might contribute
to elucidate mechanisms underlying feed and host-microbe-
immune interactions.

Recently, exiting new research using in vivo mice models
has shown that the microbial community can influence the
severity of viral infections (96, 97). Moreover, in vitro data using
RAW264.7 cells showed antiviral activity of several Lactobacillus
strains to murine norovirus (MNV) infection through IFN-β
upregulation (98). Currently, it is unknown whether microbes
can also alter fish-specific viral infectivity. This is an exciting new
avenue of research that might lead to novel vaccination strategies,
combining virus-targeting vaccines with prebiotic or probiotic
treatment to change the microbiota as well as target the virus
itself. A fundamental field in which zebrafish are most probably
will contribute due to its unique advantages.

The studies published in the field using zebrafish will continue
to increase and by combining existing technologies (omics,

immunohistochemistry, FACS, in vivo imaging) or by emerging
novel technology knowledge gaps will surely be filled. For
future experiments it would greatly benefit our understanding
if more holistic approaches would be taken. We need to
combine read-out parameters such as gene expression, survival
after challenges, gut architecture, immune cell recruitment,
microbiota composition, metabolite production and behavioral
data within each experiment to provide a broader picture
of the consequences of certain treatments on the health of
the fish. Only by carefully determining cause and effect by
interrogating possible molecular pathways through gene editing
we can provide a solid rationale for the design of novel
immunomodulatory strategies.
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Quantitative Proteomic Analysis
Reveals Antiviral and
Anti-inflammatory Effects of Puerarin
in Piglets Infected With Porcine
Epidemic Diarrhea Virus
Mengjun Wu 1†, Qian Zhang 1†, Dan Yi 1†, Tao Wu 1, Hongbo Chen 1, Shuangshuang Guo 1,

Siyuan Li 1, Changzheng Ji 1, Lei Wang 1, Di Zhao 1, Yongqing Hou 1* and Guoyao Wu 1,2

1Hubei Key Laboratory of Animal Nutrition and Feed Science, Wuhan Polytechnic University, Wuhan, China, 2Department of
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Porcine epidemic diarrhea virus (PEDV) has caused enormous economic losses to

the swine industry worldwide in recent years. Puerarin (PR), a major isoflavonoid

isolated from the Chinese herb Gegen, possesses many pharmacological activities,

including anti-inflammatory, and anti-viral activities. This study was conducted with both

PEDV-infected African green monkey kidney cells (Vero) and neonatal pigs to determine

the effect of PR on PEDV infection and to elucidate the underlying mechanisms by using

proteomic analyses. Twenty-four piglets fed a milk replacer were randomly allocated into

one of three groups (Control, PEDV, and PEDV + PR). After a 5-day period of adaption,

piglets (n = 8/group) in the PEDV + PR were orally administered with PR (0.5 mg/kg

body weight) between days 5 and 9, whereas piglets in the other two groups received

the same volume of liquid milk replacer. On day 9, piglets were orally administered with

either sterile saline or PEDV (Yunnan province strain) at 104.5 TCID50 (50% tissue culture

infectious dose) per pig. On day 12 of the trial, jugular vein blood and intestinal samples

were collected. In addition, Vero cells were assigned randomly into three groups (Control,

PEDV, PEDV + PR). Cells in the PEDV and PEDV + PR groups were infected with PEDV

at a multiplicity of infection of 0.01, while cells in the control group were treated with the

same volume of sterile saline. One hour later, cells in the Control and PEDV groups were

cultured in serum-free DMEM, while cells in the PEDV + PR group were supplemented

with PR. After 36 h of culture, cells were harvested. PR attenuated the reductions in

cell proliferation in vitro and growth performance in PEDV-infected piglets, and inhibited

PEDV replication and the expression of several cytokines (including IL-8) both in vitro

and in vivo. Proteomic analyses identified that the abundances of 29 proteins in the

ileum were altered by PEDV infection and restored to the control level by PR. Pathway

analyses revealed that PR restored the expression of several interferon-stimulated genes

and selectively upregulated the expression of guanylate-binding proteins. Western blot
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analyses showed that PR supplementation inhibited the PEDV-induced NF-κB activation.

Collectively, these results indicate that PR could exert antiviral and anti-inflammatory

effects in piglets infected with PEDV and have the potential to be an effective antiviral

feed additive.

Keywords: puerarin, porcine epidemic diarrhea virus, piglets, antiviral, anti-inflammatory, proteomics

INTRODUCTION

Porcine epidemic diarrhea (PED), a devastating enteric disease
characterized by vomiting, anorexia, acute severe watery
diarrhea, and dehydration, results in extremely high rates of
morbidity and mortality in newborn piglets (1). Since December
2010, massive outbreaks of PED have occurred in China, with 80–
100% morbidity and 50–90% mortality in suckling piglets (2, 3).
The recent research provides evidence for airborne transmission
of PED virus (PEDV) (4), which has greater transmission
potential than other seasonal diarrhea viruses (5, 6). The small
intestine, especially the jejunum and ileum, is the target tissue of
PEDV infection (7). The M Protein and the N protein, being the
most abundant envelope component and a structural basis for the
helical nucleocapsid of PEDV, respectively, are commonly used in
the clinical diagnosis of PED (8–10). To date, no feed additive is
available to effectively inhibit the replication of PEDV.

Owing to the concerns about the toxicity of synthetic antiviral
drugs, natural products are considered to be an important
source of new drug development against viral infections (11).
Puerarin (PR) is an isoflavonoid isolated from Gegen, which is
a traditional Chinese herb medicine (12). PR has anti-oxidant
and anti-inflammatory effects (13–15) and has been proven to be
an effective antimicrobial agent (16). PR significantly prevented
human alveolar epithelial A549 cells from Staphylococcus aureus-
induced injury and may be considered as a potential candidate
for the development of anti-virulence drugs in the treatment of
S. aureus-mediated infections (17). A recent study found that
pre-treatment with PR protected porcine intestinal epithelial
cells (IPEC-J2 cells) from enterotoxigenic Escherichia coli
(ETEC) infection through inhibiting bacterial adhesion and
inflammatory responses (18). Another study found that PR
had a moderate ability to reduce hepatitis B virus production
in vitro (19). Additionally, Kudzu root-extracted PR inhibited
HIV-1 replication by blocking the initial attachment of the
viral particle to the cell surface in primary human CD4+ T
lymphocytes and macrophages (20). Lin et al. found that the
water extract of Pueraria lobata Ohwi has anti-viral activity
against human respiratory syncytial virus in human respiratory
tract cell lines (21). Therefore, these results suggest that PR could

Abbreviations: GBPs, guanylate-binding proteins; HPRT1, hypoxanthine

phosphoribosyltransferase 1; IFIT3, interferon-induced protein 3; IL-1β,

interleukin−1β; IL-8, interleukin-8; ISGs, interferon-stimulated genes; MCP-

1, monocyte chemotactic protein 1; NF-κB, nuclear factor kappa-B; OAS1,

2′-5′oligoadenylate synthetase 1; PEDV, porcine epidemic diarrhea virus; PEDV-

M, membrane protein (porcine epidemic diarrhea virus); PEDV-N, nucleocapsid

protein (Porcine epidemic diarrhea virus); RPL4, ribosomal protein L4; TCID50,

50% tissue culture infectious dose; TNF-α, tumor necrosis factor α.

be a promising supplement for antiviral therapy. However, little
is known about its effectiveness against PEDV infection.

Proteomic analysis is widely used in biomedical science
for discovering novel molecular interactions and pathways
(22). The label-free quantitative proteomic (LFQP) analysis
is a very powerful tool to profile global protein expression
(23). Bioinformatics analysis has been applied to explore the
mechanisms of interaction among the host, pathogen, and drug.
In recent years, the quantitative proteomic analysis has been
used to investigate the pathogenic mechanism of PEDV infection
(24, 25). However, most of these studies are performed in
vitro with a label-based quantitative proteomic (LQP) approach.
Previous studies have indicated that the label-free approach by
far outperforms the LQP method for the proteome coverage,
as up to threefold more proteins are reproducibly identified in
replicate measurements (26). It is of great importance to study
the interaction between PEDV and the host in vivo, which could
provide more biologically relevant insights into the pathogenesis
of PEDV.

In this study, the antiviral effect of PR was evaluated in PEDV-
infected Vero cells and neonatal pigs. Furthermore, an LFQP
analysis was used to identify differentially regulated proteins
(DRPs) in the small intestine and the mechanisms underlying the
effects of PR on PEDV infection. Our findings are expected to
provide a basis for the use of PR to treat PEDV infection.

MATERIALS AND METHODS

PEDV, Vero Cells, and PR
PEDV (Yunnan province strain, GenBank accession No.
KT021228) and African green monkey kidney cells (Vero)
were provided by the State Key Laboratory of Agricultural
Microbiology, College of Veterinary Medicine, Huazhong
Agricultural University, Wuhan, China. PR (purity ≥ 98%) was
purchased fromMacklin Inc. (Macklin, Shanghai, China).

Viral Infection in Vero Cells
All experiments using live virus in vitro were conducted under
biosafety level 2 (BSL2) conditions and strictly followed safety
procedures. Vero cells were randomly assigned into three groups
(Control, PEDV, PEDV + PR) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Tanee Chemicals, Beijing,
China) supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc., Waltham, MA, USA), and 1%
penicillin–streptomycin–amphotericin B (PSF; Solarbio, Beijing,
China) in 75-cm2 flasks under the condition of 5% CO2 at 37

◦C.
Upon reaching 80–90% confluency, the cells were washed twice
gently with serum-free DMEM prior to infection. Then the cells
were cultured with PEDV at a multiplicity of infection (MOI)
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of 0.01 in serum-free DMEM containing 5µg/ml of trypsin
(Genom, Hangzhou, China). Cells without PEDV infection were
used as the Control. One hour later, the Control and PEDV
groups were replenished with 100 µl of serum-free DMEM,
whereas the PEDV + PR group was supplemented with PR.
After 36 h of incubation, the cells were washed twice with
phosphate-buffered saline (PBS; Gibco, USA) and harvested for
further analysis.

Animals and Treatments
The animal use protocol for this research was approved by
the Animal Care and Use Committee of Wuhan Polytechnic
University (Index number: 011043145-029-2013-000009).
Twenty-four 7-day-old crossbred (Duroc × Landrace × Large
White) healthy piglets (half male and half female), initially
weighing 3.17 ± 0.25 kg, were purchased from a PEDV-negative
farm. They were randomly allocated into one of three treatment
groups (Control, PEDV, PEDV+ PR; eight replicates per group).
The experimental basal diet (a liquid milk replacer), which
was formulated to meet the requirements of all nutrients for
suckling piglets, was purchased from Wuhan Anyou Feed Co.,
Ltd. (Wuhan, China). Piglets were housed in clean pens with
strict control of cross-infection. The entire trial period was 12
days. During day 5 to 9 of the trial, the piglets in the PEDV +

PR group were orally administered with PR (0.5 mg/kg body
weight; dissolved in the liquid milk replacer), and the piglets in
the other two groups received the same volume of the liquid
milk replacer. On day 9 of the trial, PEDV at a dose of 104.5

TCID50 (50% tissue culture infectious dose) per pig was orally
inoculated to pigs in the PEDV and the PEDV + PR groups,
while the Control group was mock inoculated in parallel with
the same volume of sterile saline. Pigs were observed daily to
record the health status and diarrhea incidence. On day 12, all
piglets were weighed and sacrificed to obtain the jejunum, ileum,
colonic chyme, and mesenteric lymph nodes. All samples were
rapidly frozen in liquid nitrogen and then stored at−80◦C until
analysis. The protocols of PEDV infection and sample collection
were described previously (27). The intestinal pathomorphology
was observed as described previously (28).

Quantitative RT-PCR (qRT-PCR) and
Droplet Digital PCR (dd PCR)
The total RNA was extracted by TRIzol reagent (Takara, Dalian,
China) to ensure its purity (a 28 S/18 S rRNA ratio of >1.8 and
an OD260/OD280 ratio of approximately 2.0) according to the
manufacturer’s instructions. The cDNA was synthesized by RT-
PCR using the PrimeScript R© RT reagent Kit with gDNA Eraser
kit (Takara, Dalian, China). The qPCR was performed using
the SYBR R© Premix Ex TaqTM (Takara, Dalian, China) on an
Applied Biosystems 7,500 Fast Real-Time PCR System (Foster
City, CA, USA). The relative expression level of each gene was
calculated with the 2−11CT method (29). Monkey hypoxanthine
phosphoribosyltransferase 1 (HPRT1) was used as the reference
gene in Vero cells (30). Porcine ribosomal protein L4 (RPL4) was
used as the reference gene in the jejunum, ileum, and mesenteric
lymph nodes (28). The genomic DNA of the colon chyme was
extracted by using the QIAamp R© Fast DNA Stool Mini Kit

TABLE 1 | The primer sequences used in the present study.

Species Gene

name

Sequences References

Monkey HPRT1 F:5′-TGACACTGGCAAAACAATGCA-3′ (30)

R:5′-GGTCCTTTTCACCAGCAAGCT-3′

IL-1β F:5′-GCGGCAACGAGGATGACTT-3′ (32)

R:5′-TGGCTACAACAACTGACACGG-3′

IL-8 F:5′-GGAACCATCTCGCTCTGTGTAA-3′ (32)

R:5′-GGTCCACTCTCAATCACTCTCAG-3′

TNF-α F:5′-CACCACGCTCTTCTGTCT-3′ (32)

R:5′-AGATGATCTGACTGCCTGAG-3′

MCP-1 F:5′-CTTCTGTGCCTGCTGCTCATA-3′ (32)

R:5′-ACTTGCTGCTGGTGATTCTTCT-3′

Pig RPL4 F:5′-GGAAACCGTCGCGAGA-3′ (28)

R:5′-GCCCCAGAGACAGTT-3′

GBP-2 F:5′-ACCAGGAGGTTTTCGTCTCTCTATT-3′ Present study

R:5′-TCCTCTGCCTGTATCCCCTTT-3′

IFIT3 F:5′-GCATTTTCCAGCCAGCATC-3′ (33)

R:5′-TCTGTTCCTTTCCTTTCCTTCCT-3′

OAS1 F:5′-TGGTGGTGGAGACACACACA-3′ (33)

R:5′-CCAACCAgAgACCCATCCA-3′

IFN-α F:5′-ACTCCATCCTGGCTGTGAGGAAAT-3′ (33)

R:5′-ACTCCATCCTGGCTGTGAGGAAAT-3′

IFN-β F:5′-ATGTCAGAAGCTCCTGGGACAGTT-3′ (34)

R:5′-AGGTCATCCATCTGCCCATCAAGT-3′

PEDV PEDV-M F:5′-TCCCGTTGATGAGGTGAT-3′ Present study

R:5′-AGGATGCTGAAAGCGAAAA-3′

PEDV-N F:5′-CGCAAAGACTGAACCCACTAACTT-3′ (35)

R:5′-TTGCCTCTGTTGTTACTCGGGGAT-3′

Abbreviations: HPRT1, hypoxanthine phosphoribosyltransferase 1; RPL4, ribosomal

protein L4; IL-1β, interleukin-1β; IL-8, interleukin-8; TNF-α, tumor necrosis factor

α; MCP-1, monocyte chemotactic protein 1; PEDV-M, membrane protein (porcine

epidemic diarrhea virus); PEDV-N, nucleocapsid protein (porcine epidemic diarrhea

virus); GBP-2, guanylate-binding proteins; IFIT3, interferon-induced protein 3; OAS1,

2′-5′oligoadenylatesynthetase 1; IFN-α, interferon-α; IFN-β, interferon-β.

(Qiagen, Hilden, Germany). Then the viral gene expression was
detected by using the droplet digital PCR (dd PCR) method as
described previously (31). Primers used in the present study are
listed in Table 1 (32–35).

Cytokine Assays by Enzyme-Linked
Immunosorbent Assay (ELISA)
The concentrations of cytokines (IL-1β, IL-6, IL-8) in the ileum
of piglets were measured by using ELISA kits (RD Systems
Quantikine, USA), which are specific for porcine cytokines.
All the assay procedures were performed according to the
manufacturer’s instructions.

Protein Extraction and Digestion
Four biological replicates per group, i.e., a total of 12 ileal
samples, were used to analyze the intestinal proteome. First,
150mg of ileal tissue was homogenized with 1ml of Tissue
Protein Extraction Reagent (Thermo Scientific, USA) containing
Protease Inhibitor (Roche, USA) and then vortexed for 10min
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at 4◦C. The soluble protein was collected after the removal of
tissue debris by centrifugation (12,000 × g, 20min, 4◦C). The
protein concentration was quantified by the bicinchoninic acid
(BCA) assay (25). Approximately 200 µg of proteins from each
sample was subjected to filter-aided sample preparation (FASP)
trypsin digestion to generate peptides. Briefly, protein samples
were diluted to 100 µl with 50mM ammonium bicarbonate,
and disulfide bonds in protein were reduced by treating the
sample with 2 µl of 500mM DL-dithiothreitol (DTT) in 100
µl of 50mM ammonium bicarbonate for 150min at 37◦C (the
final concentration of DDT was 10mM), and then alkylated with
14 µl of 500mM iodoacetamide (IAA) at room temperature
(25◦C) for 40min in the dark (the final concentration of IAA was
60mM). The detergent, DTT, and other low-molecular-weight
components were removed by repeated dilution in 100mM
Tris-HCl UA buffer (containing 8M urea, pH 8.5), followed by
filtration through 10-kDa ultrafiltration units (Pall Corporation,
USA). The filters were washed three times with 100 µl of
UA buffer, followed by twice washes with 100 µl of 50mM
ammonium bicarbonate. Proteins were then digested using mass
spectrometry-grade trypsin (Thermo Fisher Scientific, USA)
in 50mM ammonium bicarbonate by incubation overnight at
37◦C and 800 rpm. The enzyme:substrate ratio was 1:50. The
effluent was collected after centrifugation at 10,000 × g for
15min and filtered twice with 50 µl of 50mM ammonium
bicarbonate. The effluent was combined and then acidified
with 10% trifluoroacetate (TFA) to stop the reaction (the final
concentration of TFA was 0.4%). The resulting peptides were
desalted using a Pierce C18 Tips (Thermo Fisher Scientific, USA)
and vacuum-dried. Prior to LC-MS/MS analysis, peptide samples
were re-suspended in 40 µl of 0.1% v/v formic acid (FA) and 5%
v/v acetonitrile (ACN) solution.

Nano-LC-MS/MS Analysis
The nano-LC-MS/MS analysis was performed in 125min on a
Q Exactive mass spectrometer (Thermo Fisher Scientific, USA),
which was coupled to an Easy-NanoUltimate 3,000 UPLC system
(Dionex, Thermo Fisher Scientific, USA). The peptide mixture (1
µg) was loaded into a trap column (100µm × 20mm; Acclaim
PepMap 100; Thermo Fisher Scientific, USA) at 5 µl/min for
3min. Peptide separation was carried out in a C18 capillary
column (75µm × 150mm; Acclaim PepMap RSLC, Thermo
Fisher Scientific, USA) at 300 nl/min. Themobile phase consisted
of two solvents: 0.1% formic acid (FA) in water (solvent A) and
0.08% FA in 80% acetonitrile (ACN, solvent B). The following
gradients were used: 0–3% B in 8min, 3–8% B in 2min, 8–
28% B in 76min, 28–45% B in 17min, 45–99% B in 2min,
99% B in 5min, 99–3% B in 1min, 3% B in 14min. Then the
separated peptides were analyzed in the Q Exactive Orbitrap
mass spectrometer operated in the positive ion mode (nanospray
voltage was 2.0 kV and source temperature was 250◦C). The MS
data were acquired using the data-dependent acquisition (DDA)
mode. The mass spectrometer was operated in the Top-20 data-
dependent mode with automatic switching between MS/MS and
the full-scan MS mode (350–2,000 m/z) that was operated at a
resolution of 70,000 with automatic gain control (AGC) target
of 3 × 106 ions and a maximum ion transfer (IT) of 20ms.

The precursor ions were fragmented by high-energy collisional
dissociation (HCD) and subjected to MS/MS scans with the
following parameters: resolution, 17,500; fixed first mass, 120
m/z; isolation width, 1.6 m/z; AGC, 1 × 105 ions; maximum
IT, 50ms; intensity threshold, 1.6 × 105; normalized collision
energy, 27%; dynamic exclusion duration, 40.0 s. These data were
acquired by the Xcalibur software (version 4.0.27.10, Thermo
Fisher Scientific, USA).

MS Data Analysis
The peak lists extracted from rawMS data were further processed
with the MaxQuant software (version 1.6.1.0, Max Planck
Institute of Biochemistry in Martinsried, Germany) by using the
XIC (extracted ion chromatogram)-based label-free quantitation
algorithm and the UniProtKB Sus scrofa database (22,191 total
entries, downloaded 11/10/18). The M and N proteins were
analyzed similarly on the basis of PEDV CV777 strain database
(seven total entries, downloaded 11/10/18). The following
parameters were applied for the search: enzyme, trypsin; missed
cleavages, 2; minimum peptide length, 7; de-isotopic, TRUE;
fixed modification, carbamidomethyl (C), variable modification,
oxidation (M) and acetylation (protein N-terminus); decoy
database pattern, reverse; label-free quantification (LFQ), TRUE;
LFQ minimum ratio count, 2; iBAQ, TRUE; match between
runs, 2min; peptide false discovery rate (FDR) ≤ 0.01; protein
FDR≤ 0.01. MaxQuant output files were analyzed with standard
settings in the Perseus software (v.1.6.2.3, http://www.perseus-
framework.org) (36). LFQ intensity values were used as the
quantitative measurement of protein abundance for subsequent
analysis. The data matrix was first filtered for the removal of
contaminants and reverse decoy data. Each of the confident
protein identification involves at least two unique peptides.
LFQ intensity values were log2 transformed (37), and each
sample was assigned to its corresponding group (Control,
PEDV, or PEDV + PR). Proteins were filtered based on
valid values (Min. number of values: four, Mode: in total). A
data-imputation step was conducted to replace missing values
with those that simulate signals of low abundant proteins
(38). The latter were chosen randomly from a distribution
specified by a downshift of 1.8 times the standard deviation
(SD) of all measured values and a width of 0.3 times the
SD. Two sample t-tests were performed for all relevant
comparisons using a cutoff of P < 0.05 on the post imputation
datasets to identify statistically significant differentially regulated
proteins (DRPs).

Bioinformatics Analysis
Heat-map was used to show the trend of protein expression
between different samples with the aid of Metaboanalyst
(https://www.metaboanalyst.ca/faces/home.xhtml). All those
proteins that exhibited a fold-change of at least 1.5 (P < 0.05)
were considered differentially regulated. The protein names
were obtained from UniProt gene ID using the UniProt
“Retrieve/ID mapping” function (http://www.uniprot.org/
uploadlists/). For functional analysis, Gene Ontology (GO)
annotation was retrieved from the GO database (http://
www.geneontology.org/) for each protein in search of the
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database. Due to the poor annotations of the porcine genome
database, the differentially expressed proteins were input into
the human database for the Reactome pathway analysis
(http://www.reactome.org). In this study, cell signaling
pathways were selected with the threshold of significance
being defined as P < 0.05, FDR < 0.05, and minimum
counts > 3. The relationships among the DRPs of the three
groups were depicted in Venn diagrams (http://bioinformatics.
psb.ugent.be/webtools/Venn/). Furthermore, protein–protein
interaction networks were constructed using the online software
String (https://string-db.org/) in combination with Cytoscape
(v.3.7.1, https://cytoscape.org/).

Validation of the Proteomic Analysis
Results by Western Blot
The Western blot assay was carried out as previously described
(39) to validate the results of proteomic study. In brief,
proteins were extracted, denatured, and quantified using the
BCA assay kit (Thermo Fisher Scientific, USA). Equivalent
quantities of proteins from the independent biological replicates
were separated by 10% SDS-PAGE, and the separated proteins
were then electrophoretically transferred onto polyvinylidene
difluoride (PVDF)membranes, which were subsequently blocked
with 5% w/v skim milk in Tris-buffered saline containing Tween
20 (TBST) for 1.5 h at 25◦C. Thereafter, the membranes were

FIGURE 1 | Effects of puerarin on porcine epidemic diarrhea virus (PEDV)

replication in Vero cells. (A) Microscopic morphology of Vero cells in culture

(100×). Typical cytopathic effects (CPE) of PEDV in Vero cells were revealed by

an optical microscope at 36 h post inoculation. Cell detachment appeared in

the PEDV group compared to the Control group. However, the PEDV + PR

group appeared to have fewer dead cells than the PEDV group. (B) Effects of

puerarin on the expression of M and N genes of PEDV in Vero cells. Values are

mean and pooled SEM, n = 8. a,bValues with different letters for the same

gene are different (P < 0.05).

incubated at 4◦C overnight with one of the following primary
antibodies: signal transducers and activators of transcription 1
(STAT1; 1:1,000; Nova Biologicals), IFN-stimulated genes 15
(ISG15; 1:1,000; Abcam), myxovirus resistance 1 (MX1; 1:1,000;
Abcam), retinoic acid-inducible gene 1 (DDX58; 1:1,000; Cell
Signaling Technology), nuclear factor kappa-B (NF-κB p65;
1:1,000; Cell Signaling Technology), and phosphorylated-nuclear
factor kappa-B (pNF-κB p65; 1:1,000; Cell Signaling). After
washing three times with TBST, the membranes were incubated
with the anti-rabbit (mouse) immunoglobulin G horseradish
peroxidase-conjugated secondary antibody (1:5,000 dilution;
Beijing ZhongShan Golden Bridge Biological Technology Co.
Ltd, Beijing, China). The abundance of β-actin (1:4,000;
Invitrogen) in each sample was also determined as an
internal reference in the present study, whereas the histone
H3 protein was determined as an internal reference for
nuclear proteins.

Statistical Analysis
The data of ADG, morphology, qRT-PCR, andWestern blot were
analyzed by using the one-way ANOVA procedure in the SPSS
17.0 software (SPSS Inc. Chicago, USA) and expressed as mean±
SD. The differences between means among the treatment groups
were determined by the Duncan’s multiple range test. In addition,
data of the diarrhea rate were analyzed by the Chi-square test
and expressed as a percentage. A value of P < 0.05 was taken to
indicate statistical significance.

RESULTS

Effects of PR on PEDV Replication and
PEDV-Induced Cytokine Expression in Vero
Cells
To assess the role of PR on PEDV infection, an in vitro study
was performed with Vero cells. Microscopic observation revealed
that cells died and shed from the wall after PEDV infection
(Figure 1A). However, cells in the PEDV + PR group exhibited
a lower rate of deaths than the PEDV group (P < 0.05). qPCR

FIGURE 2 | Effects of puerarin on the expression of PEDV-induced cytokines

in Vero cells. Values are mean and pooled SD, n = 8. a,b,cValues with different

letters for the same gene are different (P < 0.05).
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FIGURE 3 | Effects of puerarin on resistance in PEDV-infected piglets. (A) Effects of puerarin on the diarrhea incidence of piglets during PEDV infection. (B) Effects of

puerarin on the average daily gain of piglets during PEDV infection. ADG, average daily weight gain. d0–d5: No treatment. d5–d9: Piglets in the PEDV + PR group

(Continued)
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FIGURE 3 | were orally administered with puerarin (prepared in liquid milk replacer), and the other two groups of piglets received the same volume of liquid milk

replacer. d9–d12: On day 9 of the experiment, 3.3ml of PEDV were orally inoculated to the PEDV group and the PEDV + PR group, whereas the Control group

received the same volume of saline. (C) Histopathological structures of piglet intestines in the Control, PEDV, and PEDV + PR groups. PEDV infection caused typical

PED symptoms. Piglets in the PEDV group exhibited moderately thin and transparent intestinal walls with an accumulation of large amounts of fluid in the intestinal

lumen. Pathological examination of the jejunum and ileum of piglets using the hematoxylin and eosin (H&E) staining revealed multifocal to diffuse villous atrophy.

However, piglets in the PEDV + PR group exhibited less intestinal lesions than those in the PEDV group. (D) Effects of puerarin on the expression of PEDV-M and -N

genes in different tissues of piglets. Values are mean and pooled SD, n = 8. a,b,cValues with different letters for the same tissue are different (P < 0.05).

results showed that the mRNA levels of PEDV N and M genes
were lower in the PEDV + PR group than those in the PEDV
group (Figure 1B). Moreover, the expression of IL-8, TNF-α, and
MCP-1 genes were decreased (P< 0.05) in the PEDV+ PR group
compared with the PEDV group (Figure 2).

Effects of PR on Resistance to PEDV
Infection in Piglets
In this study, piglets in both PEDV and PEDV + PR groups
exhibited watery diarrhea after PEDV infection. Diarrhea
incidence in the PEDV + PR group tended to decrease in
comparison with the PEDV group, but the difference did not
reach statistical significance (Figure 3A).Moreover, other clinical
symptoms, such as vomiting, anorexia, and reduced appetite,
were mitigated in the PEDV + PR group in comparison with
those in the PEDV group (data not shown). Prior to PEDV
challenge (day 0–day 5 and day 5–day 9), average daily weight
gain (ADG) did not differ among the three groups of piglets
(Figure 3B). However, PEDV infection reduced (P < 0.05)
the ADG of piglets (day 9–day 12), and oral administration
of PR alleviated the reduction of ADG in PEDV-infected
piglets (P < 0.05).

In the present study, the small intestine was typically
distended by the accumulation of yellow fluid, and the small
intestinal walls were thin and transparent in the PEDV and PEDV
+ PR groups. Histologic lesions were present in the jejunum
and ileum of PEDV-infected groups, including the irregularity
and desquamation of epithelial cells, as well as the defected and
irregular striated border (Figure 3C). No pathological changes
were observed in the small intestine of the control group
(non-infected). Due to the severe villous atrophy in PEDV-
infected piglets, villus height (VH), villus surface area, crypt
depth (CD), and the ratio of VH/CD were further measured.
Results showed that crypt depths were increased, whereas villus
height, villus surface area, as well as the ratio (VH/CD) of
jejunum and ileum were decreased (P < 0.05) in both PEDV
and PEDV+ PR groups. No statistical difference in the intestinal
morphology was found between PEDV and PEDV + PR
groups (Table 2).

To further determine the role of PR on PEDV infection in vivo,
the mRNA levels for PEDV M and N genes were measured. The
M andN genes were highly expressed in both PEDV and PEDV+

PR groups, whereas no PEDV genes were detected in the Control
group. These results indicated that the PEDV infection model
was successfully established in this study. However, compared
with the PEDV group, mRNA levels for the PEDVM andN genes

TABLE 2 | The intestinal morphology of piglets.

Items Control PEDV PEDV + PR

Villus height (µm)

Jejunum 309.63 ± 72.97b 112.45 ± 17.07a 114.13 ± 16.16a

Ileum 251.27 ± 53.59b 144.27 ± 24.78a 116.04 ± 13.55a

Crypt depth (µm)

Jejunum 133.35 ± 14.08a 172.04 ± 26.78b 161.41 ± 21.94b

Ileum 132.78 ± 14.82a 161.16 ± 21.45b 159.92 ± 29.25b

Villus height/crypt depth

Jejunum 2.37 ± 0.81b 0.68 ± 0.10a 0.76 ± 0.13a

Ileum 1.96 ± 0.55b 0.94 ± 0.16a 0.81 ± 0.13a

Villus surface area (µm2)

Jejunum 7372.09 ± 1901.61b 2735.40 ± 570.41a 2734.74 ± 454.43a

Ileum 6751.92 ± 1895.39b 3431.66 ± 695.99a 2885.31 ± 173.09a

Values are mean and pooled SD, n = 8.
a,bValues within a row not sharing a common superscript letter are different (P < 0.05).

were decreased (P < 0.05) in the jejunum, ileum, mesenteric
lymph nodes, and the colon of PEDV+ PR piglets (Figure 3D).

Effects of PR on PEDV-Induced Cytokine
Expression in vivo
As shown in Figure 4A, the mRNA expression levels of
IFN-α and IFN-β were increased in the ileum of PEDV-
infected piglets compared with the Control group. However,
PR administration reduced (P < 0.05) the expression of
IFN-α and IFN-β in PEDV-infected piglets. Similar patterns
were also observed for the protein levels of IL-1β, IL-6, and
IL-8 (Figure 4B).

Identification and Comparison of DRPs
A total of 2,590, 2,574, and 2,642 proteins were identified
and quantified in the control, PEDV, and PEDV + PR
groups, respectively. Compared to the non-infected Control
group, 52 proteins were upregulated and 112 proteins were
downregulated in the PEDV group (FC > 1.5 or <0.67, P <
0.05). A total of 34 proteins were upregulated and 53 proteins
were downregulated (FC > 1.5 or <0.67, P < 0.05) in the
PEDV + PR group in comparison with the PEDV group. In
addition, among these DRPs, 29 proteins were restored after PR
intervention, including 13 downregulated and 16 upregulated
proteins (Figure 5; Table S1).
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FIGURE 4 | Effects of puerarin on the expression of PEDV-induced cytokines in the ileum of piglets. (A) mRNA expression levels of IFN-α and IFN-β detected by

qPCR in the ileum of piglets. (B) Protein expression levels of IL-1β, IL-6, and IL-8 detected by ELISA in the ileum of piglets. Values are mean and pooled SD, n = 8.
a,b,cValues with different letters for the same cytokine differ (P < 0.05).

FIGURE 5 | Overview of the upregulated and downregulated proteins identified in the small intestine of PEDV-infected piglets. (A) The Venn diagram shows the total

numbers of identified and quantified proteins. (B) The total numbers of differentially regulated proteins (DRPs) in the PE-CT and PR-PE groups. (C) The overlapped

numbers of both upregulated proteins in the PE-CT groups and downregulated proteins in the PR-PE groups. (D) The overlapped numbers of both downregulated

proteins in the PE-CT groups and upregulated proteins in the PR-PE groups. PE-CT, the PEDV group vs. the Control group; PR-PE, the PEDV + PR group vs. the

PEDV group. n = 4; ↑, upregulated; ↓, downregulated.

Bioinformatics Analysis of DRPs
In the present work, heat-maps were generated on all filtered
proteins, and differences in protein expression were observed
when the PEDV group was compared to the Control group
or the PEDV + PR group (Figures 6A,B). Similar patterns
of protein expression were found for the Control group and
the PEDV + PR group (Figure 6C). To further identify the
functional characterization, DRPs were analyzed on the basis of
GO categories: cellular component (CCs), molecular function
(MFs), and biological process (BPs) (40, 41). As shown in
Figure 7 and Table S2, BP analysis (FDR < 0.05) revealed that
the DRPs associated with metabolic processes were enriched
between the PEDV and Control groups. However, after PR
intervention, the terms representing virus-related responses were
most significant compared to the PEDV group. Meanwhile,

the reactome pathway analysis identified that these DRPs were
mainly involved in interferon signaling (Figure 8; Table S3). The
protein–protein interaction networks also revealed that proteins
related to interferon signaling interacted closely to fulfill their
biological functions (Figure 9; Table S4).

Validation of the Proteomic Analysis
To validate the results of the proteomic analyses, four proteins
(STAT1, ISG15, MX1, DDX58) were analyzed using the Western
blot technique. In accordance with the proteomic data, the
expression of ISG15, MX1, and DDX58 was increased, but the
expression of STAT1 was decreased post PEDV infection. PR
intervention decreased (P < 0.05) the expression of ISG15,
MX1, and DDX58, while it increased the expression of STAT1,
compared to that of the PEDV group (Figure 10A). Owing to
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FIGURE 6 | Heat-maps of differentially regulated proteins (DRPs). (A) The PEDV group vs. the Control group. (B) The PEDV + PR group vs. the PEDV group. (C)

DRPs among three groups. n = 4.

the lack of the appropriate antibodies for porcine tissues, qRT-
PCR was alternatively used to validate the expression of IFIT3,
OAS1, and GBP2. Likewise, a consistent trend of gene expression
was observed among these groups of piglets (Figure 10B). The
fold changes in the protein abundances among the three different
groups of piglets, assessed by the LC-MS/MS analysis, are shown
in Figure 10. These results indicated that the proteomics data are
highly reliable.

Regulation of Intestinal NF-κB Activation
by PR in PEDV-Infected Piglets
NF-κB is a key transcriptional factor in cytokine production,

which may facilitate PEDV pathogenesis (42, 43). As shown in

Figure 11, PEDV infection increased (P < 0.05) the expression

of NF-κB and pNF-κB, while both NF-κB, and pNF-κB

expressions were almost fully restored to the control levels by PR
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FIGURE 7 | Differentially regulated proteins (DRPs) were categorized into cellular component (CCs), molecular function (MFs), and biological process (BPs) based on

the GO analysis. (A) The PEDV group vs. the Control group. (B) The PEDV + PR group vs. the PEDV group. n = 4.

administration, indicating that PR could inhibit PEDV-induced
NF-κB activation in vivo.

DISCUSSION

PEDV is the major etiological agent for the recent outbreaks
of piglet diarrhea that has caused devastating economic losses
to the swine industry worldwide. Traditional vaccine strategy
cannot either provide a full protection for piglets or ensure a
satisfying control of PEDV infection and spreading. Therefore,
the development of safe, effective, and inexpensive antiviral
drugs remains a great challenge to modern medicine. PR is
a natural isoflavonoid extracted from Gegen in the traditional
Chinese herb medicine. As a potential antiviral drug, effects
of PR on PEDV infection are unknown. To date, although

the proteomic technique has been widely applied to virus–
host interaction studies, little information is available about the
protein profiles of piglets infected with PEDV. In the current
work, we determine the effect of PR on PEDV both in vitro and in
vivo with the goal of elucidating the underlying mechanisms by a
proteomic analysis.

PEDV can cause acute and watery diarrhea, vomiting,
dehydration, and high mortality in neonatal piglets (43),
and its adverse effect on growth performance of piglets was
demonstrated by Curry et al. (44). Consistently, in the present
study, PEDV infection resulted in a significant reduction in
piglet ADG, but PR administration substantially alleviated the
reduction of ADG, indicating that PR has a positive effect on
the growth performance of PEDV-infected piglets. Although
the reduction in diarrhea rate was not statistically significant
due to the small sample size, the decreasing trend in diarrhea
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FIGURE 8 | Top 10 significant pathways in PEDV or PEDV + PR piglets based on the reactome pathway analysis of the differentially regulated proteins (DRPs). (A)

The PEDV group vs. the Control group. (B) The PEDV + PR group vs. the PEDV group. n = 4.

rate and the weaker clinical symptoms indicated that the
piglets in the PEDV + PR group were recovering better from
illness. Similarly, dietary supplementation with soy isoflavone
increased ADG and reduced the incidence of diarrhea in
weaned piglets challenged with lipopolysaccharide (45). These
results support the notion that isoflavonoid could be used to
treat diarrhea (46). Our findings further demonstrated that
PR could alleviate reduction in the growth performance of
PEDV-infected piglets.

In the present study, the mRNA levels of genes that encoded
for the N and M proteins of PEDV were decreased regardless
of whether PR was administered after the entry of the virus
into Vero cells in vitro or before PEDV infection in piglets.
Similar results were found for the N and M protein levels, which
were determined by the proteomic analysis (data not shown).
These results indicated that PR could inhibit the replication of
PEDV at different stages of its life cycle. Nevertheless, additional
comprehensive studies are needed to verify this notion. In the
current work, in vitro studies were performed with monkey cells
and in vivo studies with piglets. Although they are different
species, both of them are highly susceptible to PEDV, and PR
could inhibit the replication of PEDV in both species. This
suggests that PR was effective against PEDV in vitro and in
vivo. Jejunal and ileal villus enterocytes are the main targets
of PEDV replication (47), and PEDV also appears in feces and
mesenteric lymph nodes (48). Consistently, we found that the
piglet small intestine was the main target of PEDV. Intriguingly,
the mRNA levels of N and M genes were extremely high in
the ileum of piglets, even higher than those in the jejunum.

Meanwhile, the mRNA levels of N and M genes were also high
in colonic contents. Importantly, PR administration decreased
the expression of the viral genes in the ileum, jejunal, colon, and
mesenteric lymph nodes, indicating that PR plays an antiviral
role in a large part of the gut. Previous studies showed that
PR inhibited HIV-1 replication and human respiratory syncytial
virus activities in vitro (20, 21). Some medicinal herbal extracts,
such as oleanane triterpenes from the flowers of Camellia
japonica, Sophorae radix, Acanthopanacis cortex, Sanguisorbae
radix, and Torilis fructus, can inhibit PEDV replication (49, 50).
To date, there is little information regarding an anti-PEDV effect
of PR. To the best of our knowledge, this is the first study
demonstrating that PR inhibited PEDV replication both in vitro
and in vivo.

Inflammation and disease progression are initiated by pro-
inflammatory cytokines and chemokines during viral infection
(51). A previous study showed that the mRNA levels for
pro-inflammatory cytokines (e.g., IL-1β , IL-6, IL-8, and TNF-
α) were increased in Vero cells after PEDV infection (52).
MCP1/CCL2, which is a chemokine, was also increased in
response to PEDV infection (53). Likewise, we found that IL-
8, TNF-α, and MCP1 expressions were increased post PEDV
infection in Vero cells and that the concentrations of IL-1β,
IL-6, and IL-8 were increased in the ileum of PEDV-infected
piglets, further substantiating the notion that PEDV could induce
inflammatory response. Interestingly, inflammation appeared to
be alleviated in the PEDV + PR group, as indicated by the
decreased expression of the inflammatory cytokines. This result
indicated that PR possessed an anti-inflammatory effect, which is
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FIGURE 9 | Protein–protein interaction networks built by using the online software String and Cytoscape. (A) The most significant part of networks from the PEDV

group vs. the Control group. (B) An overview of networks from the PEDV group vs. the Control group. (C) The most significant part of networks from the PEDV + PR

group vs. the PEDV group. (D) An overview of networks from the PEDV + PR group vs. the PEDV group. n = 4.

consistent with the previous reports that the expression of genes
for inflammatory mediators (e.g., IL-1β , IL-6, and TNF-α) were
reduced by PR administration under inflammatory conditions
(11, 54). Collectively, these findings support the view that PR can
mitigate inflammation induced by PEDV infection in vitro and
in vivo.

Cluster analyses are usually used to build groups of
functionally related genes or proteins, thereby interpreting
and identifying DRPs among different groups. In this study,
nearly all of the overlapped DRPs (29/31) between the
PEDV and Control groups or between the PEDV + PR and
PEDV groups were reversely regulated by PR intervention,
which could be clearly visualized by the heat-maps. Several
functional enrichment analyses highlighted the importance

of the interferon signaling pathway. Specifically, IFN-α/β
and several ISGs were selectively upregulated at mRNA or
protein levels in response to PEDV infection. This result is
inconsistent with the previous report that PEDV antagonized
interferon response (10, 55). Because almost all of the previous
studies were conducted in vitro, the inconsistency may be
attributed to the fact that results of in vitro experiments
may not accurately reflect the situation in vivo. Moreover,
an in vivo study performed by Annamalai et al. (56)
demonstrated that serum IFN-α could be augmented at the
early stage of PEDV infection. Of particular interest, PR
administration appeared to regulate the interferon signaling
pathway by maintaining the expression of IFN-α/β and ISGs
at their normal physiological levels. It is noteworthy that
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FIGURE 10 | Validation of differentially regulated proteins (DRPs) by Western

blot and qRT-PCR analyses. (A) Western blot. (B) qRT-PCR. The WB ratio

(Western blot ratio) was calculated based on the relative intensity. Beta-actin

was used as the loading control. The LFQ ratios for PEDV/Control and PEDV

+ PR/Control obtained by MS analysis are shown on the right. Values are

mean and SD, n = 8. a,b,cValues with different letters for the same protein are

different (P < 0.05). n = 8. -: This protein in the Control group was undetected

in LFQ.

FIGURE 11 | Relative expression of NF-κB and pNF-κB in the ileum by the

Western blot analysis. Values are mean and SD, n = 8. a,bValues with different

letters for the same protein are different (P < 0.05). n = 8.

GBP2, interferon-inducible guanylate-binding protein 2, was
markedly upregulated in the PEDV + PR group. GBPs play an
important role in antiviral infection (57). Further studies are

warranted to determine whether PR exerts an antiviral effect
by regulating GBP2 expression. Overall, these results indicated
that PR regulated the interferon signaling pathway in PEDV-
infected piglets.

The NF-κB pathway plays a central role in the regulation
of immune responses. Such a function of NF-κB in PEDV
infection is supported by several lines of evidence (32, 43,
58). Our results showed that PEDV induced NF-κB activation
in vivo and that PR supplementation inhibited the NF-
κB activation, which may contribute to the decrease in the
expression of interferon-related genes and the production of
cytokines. This is consistent with the previous findings that
PR has an anti-inflammatory effect in vitro and in vivo (59,
60). Therefore, we suggest that PR is beneficial for restoring
immune homeostasis after PEDV infection by inhibiting
NF-κB activation.

CONCLUSION

PR inhibited PEDV replication both in vitro and in vivo
and alleviated the decrease of growth performance in
piglets. Additionally, the quantitative proteomic analysis
revealed that PR administration regulated the interferon
signaling pathway in PEDV-infected piglets. Furthermore, PR
attenuated NF-κB activation in the ileum. Taken together,
these findings suggest that PR protected against PEDV
infection via regulating the interferon and NF-κB signaling
pathway. Our results are expected to aid in the development
of effective antiviral feed additives and also have important
implications for the production of veterinary drugs and
human medicine.
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Sites by Using Porcine Intestinal
Epitheliocytes
Leonardo Albarracin1,2†, Valeria Garcia-Castillo1,3†, Yuki Masumizu2, Yuhki Indo2,
Md Aminul Islam2, Yoshihito Suda4, Apolinaria Garcia-Cancino3, Hisashi Aso5,6,
Hideki Takahashi7,8, Haruki Kitazawa2,6* and Julio Villena1,2*

1 Laboratory of Immunobiotechnology, Reference Centre for Lactobacilli (CERELA-CONICET), Tucuman, Argentina, 2 Food
and Feed Immunology Group, Laboratory of Animal Products Chemistry, Graduate School of Agricultural Science, Tohoku
University, Sendai, Japan, 3 Laboratory of Bacterial Pathogenicity, Faculty of Biological Sciences, University of Concepción,
Concepción, Chile, 4 Department of Food, Agriculture and Environment, Miyagi University, Sendai, Japan, 5 Cell Biology
Laboratory, Graduate School of Agricultural Science, Tohoku University, Sendai, Japan, 6 Livestock Immunology Unit,
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Previously, we evaluated the effect of the immunobiotic strain Lactobacillus rhamnosus
CRL1505 on the transcriptomic response of porcine intestinal epithelial (PIE) cells
triggered by the challenge with the Toll-like receptor 3 (TLR-3) agonist poly(I:C) and
successfully identified a group of genes that can be used as prospective biomarkers
for the screening of new antiviral immunobiotics. In this work, several strains of
lactobacilli were evaluated according to their ability to modulate the expression of IFNα,
IFNβ, RIG1, TLR3, OAS1, RNASEL, MX2, A20, CXCL5, CCL4, IL-15, SELL, SELE,
EPCAM, PTGS2, PTEGES, and PTGER4 in PIE cells after the stimulation with poly(I:C).
Comparative analysis of transcripts variations revealed that one of the studied bacteria,
Lactobacillus plantarum MPL16, clustered together with the CRL1505 strain, indicating
a similar immunomodulatory potential. Two sets of in vivo experiments in Balb/c mice
were performed to evaluate L. plantarum MPL16 immunomodulatory activities. Orally
administered MPL16 prior intraperitoneal injection of poly(I:C) significantly reduced the
levels of the proinflammatory mediators tumor necrosis factor α (TNF-α), interleukin 6
(IL-6), and IL-15 in the intestinal mucosa. In addition, orally administered L. plantarum
MPL16 prior nasal stimulation with poly(I:C) or respiratory syncytial virus infection
significantly decreased the levels of the biochemical markers of lung tissue damage.
In addition, reduced levels of the proinflammatory mediators TNF-α, IL-6, and IL-8 were
found in MPL16-treated mice. Improved levels of IFN-β and IFN-γ in the respiratory
mucosa were observed in mice treated with L. plantarum MPL16 when compared to
control mice. The immunological changes induced by L. plantarum MPL16 were not
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different from those previously reported for the CRL1505 strain in in vitro and in vivo
studies. The results of this work confirm that new immunobiotic strains with the ability of
stimulating both local and distal antiviral immune responses can be efficiently selected
by evaluating the expression of biomarkers in PIE cells.

Keywords: porcine intestinal epithelial cells, TLR3, Lactobacillus rhamnosus CRL1505, Lactobacillus plantarum
MPL16, antiviral response, respiratory immunity

INTRODUCTION

More than a third of child deaths worldwide are attributed to
malnutrition and its profound impact on the immune system
and the host resistance to infections. In this sense, pneumonia
and diarrhea remain the leading causes of death of children.
Together, these two infectious diseases account for 29% of
all deaths of children younger than 5 years and result in
the loss of 2 million young lives annually (1). In 2009, the
World Health Organization (WHO) separately published two
strategies for the control of pneumonia and diarrhea. Since these
strategies were implemented globally, it has been recognized
that pneumonia and diarrhea could be treated more effectively
in a coordinated manner. Thus, WHO-UNICEF published in
2013 an Integrated Global Action Plan for the Prevention
and Control of Pneumonia and Diarrhea (GAPPD), which
proposes a cohesive approach to ending deaths from preventable
pneumonia and diarrhea in children (1). The GAPPD proposes
interventions to create healthy environments, promotes practices
to protect children from infectious diseases, and ensures that
all children have access to appropriate preventive and treatment
measures. The document emphasizes the importance of healthy
nutrition to reduce the incidence and severity of pneumonia and
diarrhea simultaneously.

Various clinical trials and studies in animal models have
demonstrated the ability of probiotic lactic acid bacteria
(LAB) with immunomodulatory activities, also known as
immunobiotics, to improve the resistance to intestinal viral
infections (2, 3). Although most of the research related to the
beneficial effect of immunobiotics on the host’s immune system
has focused on the stimulation of intestinal immunity to protect
against viral infections (4), it has also been shown that the oral
administration of some immunobiotics strains can beneficially
modulate not only the local intestinal immunity but also immune
responses in distant mucosal sites such as the respiratory tract
(5, 6). Then, it is believed that appropriate immunobiotic
LAB strains can be effectively used as preventive therapies
to improve antiviral defenses and reduce the complications
from the deregulated inflammatory responses in both the
intestine and the respiratory tract. Therefore, the efficient
selection of immunobiotic strains that orally administered
are capable of favorably modulating intestinal and respiratory
antiviral immunity could contribute to reducing the risk of
viral infections, having a simultaneous impact on resistance to
pneumonia and diarrhea.

Lactobacillus rhamnosus CRL1505, orally administered to
mice, is able to differentially modulate both intestinal (7, 8)
and respiratory (9, 10) antiviral immunity. Moreover, in a

randomized controlled trial conducted in children younger than
5 years, it was demonstrated that the immunobiotic CRL1505
strain is capable to enhance mucosal immunity and reduced the
incidence and severity of intestinal and respiratory infections (2).
Of note, our studies in mice models have clearly shown that
the immunomodulatory capacities of L. rhamnosus CRL1505 are
a strain-specific property because other immunobiotic strains
such as Lactobacillus plantarum CRL1506 can stimulate only the
intestinal immunity after their oral administration (7–10).

It is well known that intestinal epithelial cells (IECs) had
a central role in determining the type of immune response
triggered by antigens in the intestinal mucosa through their
interactions with immune cells (11, 12). In this regard,
studies have reported that immunomodulatory LAB modulate
intestinal immune responses by regulating the functions of IECs
(13). Therefore, we hypothesized that transcriptomic analysis
evaluating the effect of L. rhamnosus CRL1505 and L. plantarum
CRL1506 on IECs could bring valuable information about
their capacity of modulating the intestinal innate antiviral
immune response, as well as provide some clues about their
differential ability to influence immunity in the respiratory
tract. By using porcine intestinal epithelial (PIE) cells that
express the pattern recognition receptor (PRR) Toll-like receptor
3 (TLR-3) and respond to poly(I:C) stimulation (14, 15);
we studied the similarities and differences of L. rhamnosus
CRL1505 and L. plantarum CRL1506 in terms of their ability
to modulate the immunotranscriptomic response of epithelial
cells (16). The transcriptional profiling performed in PIE
cells allowed us to characterize the immune and immune-
related genes involved in their response to TLR3 activation,
which included type I interferons (IFNs), antiviral factors,
cytokines, chemokines, adhesion molecules, enzymes involved in
prostaglandin biosynthesis, PRRs, and negative regulators of the
TLR signaling pathway. In addition, we were able to confirm
that the CRL1505 and CRL1506 strains differently regulated
the immunotranscriptomic response of poly(I:C)-challenged
PIE cells (16). Quantitative and qualitative differences in the
expression of immune and immune-related genes in PIE cells
were found when L. rhamnosus CRL1505 and L. plantarum
CRL1506 treatments were compared. Moreover, the comparative
analysis of the effect of the two strains allowed us to identify a
group of genes that could be used as potential biomarkers for the
efficient selection of new antiviral immunobiotics in PIE cells,
which could beneficially influence both the intestinal and the
respiratory antiviral immunity.

In this work, we tested this hypothesis by evaluating
the influence of several immunomodulatory and non-
immunomodulatory lactobacilli strains in the expression of
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IFNα, IFNβ, RIG1, TLR3, OAS1, RNASEL, MX2, A20, CXCL5,
CCL4, IL-15, SELL, SELE, EPCAM, PTGS2, PTEGES, and
PTGER4 in poly(I:C)-challenged PIE cells and by studying
in vivo the effect of orally administered lactobacilli on the
intestinal and respiratory antiviral innate immune responses.

MATERIALS AND METHODS

PIE Cells
The PIE cell line was originally derived from intestinal
epithelia isolated from an unsuckled neonatal swine (17).
Porcine intestinal epithelial cells are intestinal non-transformed
cultured cells that assume a monolayer with a cobblestone
and epithelial-like morphology and with close contact
between cells during culture (14, 17, 18). Porcine intestinal
epithelial cells were maintained in Dulbecco modified eagle
medium (DMEM) (Invitrogen Corporation, Carlsbad, CA,
United States) supplemented with 10% fetal calf serum,
100 mg/mL streptomycin and 100 U/mL penicillin at 37◦C in an
atmosphere of 5% CO2 (16, 18–20).

Microorganisms
Lactobacillus rhamnosus CRL1505, L. plantarum CRL1506,
L. rhamnosus CRL576, and L. plantarum CRL681 belong to
CERELA Culture Collection; L. rhamnosus IBL07 belongs to the
Infection Biology Laboratory of IMMCA-CONICET-UNT and
was kindly given by Dr. Vizoso-Pinto. Lactobacillus plantarum
MPL16 belongs to the Food and Feed Immunology Group
Culture Collection, These strains were grown in Man–Rogosa–
Sharpe broth at 37◦C. For the in vitro immunomodulatory assays,
overnight cultures were harvested by centrifugation, washed
three times with sterile phosphate-buffered saline (PBS), counted
in a Petroff–Hausser counting chamber, and resuspended
in DMEM until use.

Immunomodulatory Effect of Lactobacilli
in PIE Cells
The study of the immunomodulatory capacity of lactobacilli was
performed in PIE cells as described previously (15, 16, 18, 20).
Porcine intestinal epithelial cells were seeded at 3 × 104 cells per
well in 12-well type I collagen-coated plates (Sumitomo Bakelite
Co., Tokyo, Japan) and cultured for 3 days. After changing
medium, lactobacilli (5 × 108 cells/mL) were added, and 48 h
later, each well was washed vigorously with medium at least
three times to eliminate all stimulants. Then cells were stimulated
with poly(I:C) (60 µg/mL) for 12 h for reverse transcription–
polymerase chain reaction (RT-PCR) studies.

Quantitative Expression Analysis by
Two-Step Real-Time Quantitative PCR
Two-step real-time quantitative PCR (qPCR) was performed
to characterize the expression of selected genes in PIE cells as
described previously (16). TRIzol reagent (Invitrogen) was used
for total RNA isolation from each PIE cell sample, and Quantitect
RT kit (Qiagen, Tokyo, Japan) was used for the synthesis of all

cDNAs according to the manufacturer’s recommendations. Real-
time qPCR was carried out using a 7300 real-time PCR system
(Applied Biosystems, Warrington, United Kingdom) and the
Platinum SYBR green qPCR SuperMix uracil-DNA glycosylase
with 6-carboxyl-X-rhodamine (ROX) (Invitrogen). The primers
used for the study of IFNα, IFNβ, RIG1, TLR3, OAS1, RNASEL,
MX2, A20, CXCL5, CCL4, IL-15, SELL, SELE, EPCAM, PTGS2,
PLA2G4A, PTEGES, and PTGER4 expressions in this study were
described before (16, 20, 21). The PCR cycling conditions were
2 min at 50◦C, followed by 2 min at 95◦C, and then 40 cycles of
15 s at 95◦C, 30 s at 60◦C, and 30 s at 72◦C. The reaction mixtures
contained 5 µL of sample cDNA and 15 µL of master mix,
which included the sense and antisense primers. According to the
minimum information for publication of quantitative real-time
PCR experiments guidelines, β-actin was used as a housekeeping
gene because of its high stability across porcine various tissues
(14, 15, 21). Expression of β-actin was used to normalize cDNA
levels for differences in total cDNA levels in the samples.

Animals, Feeding Procedures, and
Poly(I:C) Challenge
Male 6-week-old BALB/c mice were obtained from the closed
colony kept at CERELA-CONICET. Animals were housed
in plastic cages in a controlled atmosphere (22◦C ± 2◦C
temperature, 55% ±2% humidity) with a 12-h light/dark cycle.
Lactobacilli were orally administered to different groups of mice
for five consecutive days at a dose of 108 cells/mouse per day in
the drinking water (22, 23). The treated groups and the untreated
control mice were fed a conventional balanced diet ad libitum.

Two sets of experiments were performed in treated and
control mice. In the first set of experiments, mice were challenged
by the intraperitoneal route with 100 µL of PBS containing 30 µg
poly(I:C) according to our previous publication (8). Biochemical
markers of injury as well as intestinal cytokines’ concentrations
were evaluated 2 days after poly(I:C) administration as described
below. In the second set of experiments, mice were lightly
anesthetized, and 100 µL of PBS, containing 250 µg poly(I:C)
(equivalent to 10 mg/kg body weight), was administered via the
nares according to our previous publication (7). Mice received
three doses of poly(I:C) with 24-h rest period between each
administration.

Respiratory Syncytial Virus Infection
Infection with human respiratory syncytial virus (RSV) strain
A2 was performed as described previously (9). Briefly, RSV was
grown in Vero cells for 3 h at 37◦C, 5% CO2 at multiplicity of
infection of 1 in 5 mL of DMEM. After cell lysis, virus supernatant
was sucrose density gradient purified and stored in 30% sucrose
at −80◦C. For infection, mice were lightly anesthetized with
isoflurane and intranasally challenged with 3.1 × 106 plaque
forming units (PFU) of RSV (9).

For the evaluation of viral infection, the RSV immunoplaque
assay was performed (9). In brief, lung tissue was removed
from mice, homogenized using a pellet pestle, and centrifuged at
2,600× g for 10 min at 4◦C to clarify supernatant. Serial dilutions
of lung tissue–clarified supernatants were added into fresh Vero
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cells monolayers and incubated at 37◦C, 5% CO2 for 3 h. All
samples were run in triplicate. After incubation and removal
of supernatant, 1 mL of fresh DMEM medium containing
10% fetal bovine serum, 0.1% penicillin-streptomycin, and
0.001% ciprofloxacin was added to monolayers. When extensive
syncytia developed, monolayers were fixed with 1 mL of ice-cold
acetone:methanol (60:40). Then, wells were treated with primary
RSV anti-F (clones 131-2A; Chemicon, Temecula, CA, United
States) and anti-G{mouse monoclonal [8C5 (9B6)] to RSV
glycoprotein; Abcam} antibodies for 2 h, followed by secondary
horseradish peroxidase anti–mouse immunoglobulin antibody
(anti–mouse immunoglobulin G, horseradish peroxidase–linked
antibody #7076; Cell Signaling Technology, Danvers, MA, United
States) for 1 h. Plates washed twice with PBS containing 0.5%
Tween 20 (Sigma, St. Louis, MO, United States) after each
antibody incubation step. Individual plaques were developed
using a DAB substrate kit (ab64238; Abcam, Cambridge, United
Kingdom) following the manufacturer’s specifications. Results
were expressed as log10 PFU/g of lung.

Ethics Statement
Animals were housed in plastic cages and environmental
conditions were kept constant, in agreement with the standards
for animal housing. Animal welfare was in charge of researchers
and special staff trained in animal care and handling at CERELA.
The minimal number of animals required for an appropriate
statistical analysis was calculated with the help of the Biostatistics
Laboratory of CERELA.

Animals were housed individually during the experiments.
All efforts were made to minimize the number of animals and
their suffering. Animal health and behavior were monitored
twice a day. Animals were euthanized immediately after the time
point was reached by using xylazine and ketamine. No signs of
discomfort or pain and no deaths were observed before mice
reached the endpoints.

All experiments were carried out in compliance with the
Guide for Care and Use of Laboratory Animals and approved
by the Ethical Committee of Animal Care at CERELA, Argentina
(protocol no. BIOT-CRL/14 and BIOT-CRL/11) (7, 8).

Markers of Injury
Lactate dehydrogenase (LDH) and aspartate aminotransferase
(AST) activities were determined in the serum to evaluate general
toxicity of poly(I:C) in mice challenged by the intraperitoneal
injection. Blood samples were obtained through cardiac puncture
under anesthesia. LDH and AST activities, expressed as units per
liter of serum, were determined by measuring the formation of
the reduced form of nicotinamide adenine dinucleotide using
the Wiener reagents and procedures (Wiener Lab, Buenos Aires,
Argentina) (8).

Albumin content, a measure to quantitate increased
permeability of the bronchoalveolar–capillarity barrier, and LDH
activity, an indicator of general cytotoxicity, were determined
in bronchoalveolar lavage (BAL) fluid. Bronchoalveolar lavage
samples were obtained as described previously (7, 15). Briefly,
the trachea was exposed and intubated with a catheter, and
two sequential lavages were performed by injecting sterile PBS
in each mouse lung. The recovered fluid was centrifuged for

10 min at 900 × g; the pellet was discarded, and the fluid was
frozen at −70◦C for subsequent analyses. Albumin content
was determined colorimetrically based on albumin binding to
bromocresol green using an albumin diagnostic kit (Wiener
Lab). Lactate dehydrogenase activity, expressed as units per liter
of BAL fluid, was determined by using the Wiener reagents and
procedures (Wiener Lab) (7).

Lung wet-to-dry weight ratio was measured as previously
described (7, 9). Wet-to-dry weight ratio was calculated as an
index of intrapulmonary fluid accumulation, without correction
for blood content.

Cytokine Concentrations
Serum and BAL samples were obtained as described before (9).
Briefly, blood samples were obtained by cardiac puncture under
anesthesia. For BAL samples, the trachea was exposed surgically
and intubated with a catheter. A small incision was made in
the trachea, and two sequential lavages were performed in each
mouse by injecting sterile PBS with 1% heparin. The recovered
fluid was centrifuged for 10 min at 300 revolutions/min, and
the supernatant was recovered. Intestinal fluid samples were
obtained according to our previous publication (8). Briefly, the
small intestine was flushed with 5 mL of PBS, and the fluid was
centrifuged (10,000 × g, 4◦C 10 min) to separate particulate
material. The serum, BAL and intestinal supernatant samples
were kept frozen at−80◦C until use.

Tumor necrosis factor α (TNF-α), interleukin 6 (IL-6), IL-
10, IL-15, IFN-β, and IFN-γ concentrations in serum, intestinal
fluid, and BAL samples were measured with commercially
available enzyme-linked immunosorbent assay technique kits
following the manufacturer’s recommendations (R&D Systems,
Minneapolis, MN, United States).

Statistical Analysis
Statistical analyses were performed using GLM and REG
procedures available in the SAS computer program (SAS,
1994). Comparisons between mean values were carried out
using one-way analysis of variance and Fisher least significant
difference test. For these analyses, P < 0.05 and P < 0.01 were
considered significant.

RESULTS

Modulation of TLR3-Induced
Immunotranscriptome Changes in PIE
Cells by Lactobacilli
Previously, we analyzed the effect of L. rhamnosus CRL1505 and
L. plantarum CRL1506 on the innate immune response of PIE
cells after the challenge with poly(I:C) by using a transcriptomic
approach (16). From that study, we were able to select a set
of potential biomarkers that would allow us to efficiently select
new immunobiotic strains with antiviral capabilities including
IFNα, IFNβ, RIG1, TLR3, OAS1, RNASEL, MX2, A20, CXCL5,
CCL4, IL-15, SELL, SELE, EPCAM, PTGS2, PLA2G4A, PTEGES,
and PTGER4. Then, in order to validate this assumption,
PIE cells were stimulated with different lactobacilli including
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immunomodulatory (L. rhamnosus CRL1505, L. plantarum
CRL1506, L. rhamnosus IBL07, and L. plantarum MPL16) (8,
16, 24, 25) and non-immunomodulatory (L. rhamnosus CRL576
and L. plantarum CRL681) strains and then challenged with
poly(I:C). The expression of the biomarkers was then evaluated.
When the expressions of type I IFNs, antiviral factors, and
the negative regulator A20 were analyzed, a strain-dependent
effect was observed (Figure 1, Supplementary Figure S1). The
CRL1505, CRL1506, and MPL16 strains were highly efficient
for increasing IFNα, MX2, OAS1, and TLR3 expression. In
addition, L. rhamnosus CRL1505, and L. plantarum MPL16
were the lactobacilli with the highest capacity to increase the
expression of IFNβ and RNASEL (Figure 1). Lactobacillus
rhamnosus IBL07 was capable of enhancing the mRNA levels
of IFNα, IFNβ, OAS1, TLR3, and RNASEL, but it was not as
efficient as the CRL1505 and MPL16 strains. RIG-1 was enhanced
by all the immunomodulatory strains CRL1505, CRL1506,
IBL027, and MPL16, whereas the non-immunomodulatory
strains CRL681 and CRL576 were not able to induce changes
in the expression of type I IFNs or antiviral factors (Figure 1,
Supplementary Figure S1). Lactobacillus rhamnosus CRL1505,
L. plantarum CRL1506, and L. plantarum MPL16 significantly
reduced the expression of A20 in poly(I:C)-challenged PIE
cells, whereas no effect was observed for the other studied
strains (Figure 1).

The CRL1505 and MPL16 strains were highly efficient in
enhancing the expression of CCL4, CXCL5, EPCAM, and SELE
(Figure 2). The CRL1506 and IBL027 augmented the expression
of CCL4, but the levels of this mRNA were significantly lower
than in the CRL1505 or MPL16 groups (Figure 2). The four
immunomodulatory strains increased SELL expression, being
L. plantarum MPL16 the most efficient to achieve this effect.
The non-immunomodulatory strains CRL681 and CRL576 were
not able to induce changes in the expression of chemokines
and adhesion molecules (Figure 2). Lactobacillus rhamnosus
CRL1505, L. plantarum CRL1506, and L. plantarum MPL16
significantly reduced the expression of IL-15 in poly(I:C)-
challenged PIE cells, whereas no effect was observed for the other
studied strains (Figure 2).

The expressions of PTGS2, PLA2G4A, and PTEGES
were enhanced, and PTGER4 was reduced by the four
immunomodulatory strains (Supplementary Figure S2).
However, L. rhamnosus CRL1505 and L. plantarum MPL16 were
more efficient than L. plantarum CRL1506 and L. rhamnosus
IBL027 to increase the expression of PTGS2, PLA2G4A,
and PTEGES and reduce PTGER4 in poly(I:C)-challenged
PIE cells. The non-immunomodulatory strains CRL681 and
CRL576 were not able to induce changes in the expression
of the enzymes involved in prostaglandins biosynthesis
(Supplementary Figure S2).

FIGURE 1 | Expression of interferon (IFN)-β, antiviral factors (MX2 and RNASEL), and the negative regulator A20 genes in porcine intestinal epithelial (PIE) cells
treated with Lactobacillus rhamnosus CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum MPL16, or
L. plantarum CRL681 and challenged with the viral molecular–associated pattern poly(I:C), analyzed by quantitative polymerase chain reaction. Porcine intestinal
epithelial cells with no lactobacilli treatment and stimulated with poly(I:C) were used as controls. The results represent data from three independent experiments.
Letters indicate significant differences (P < 0.05), a < b < c.
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FIGURE 2 | Expression of chemokines [interleukin 15 (IL-15), CCL4, and CXCL5] and adhesion molecules (EPCAM, SELE, and SELL) genes in porcine intestinal
epithelial (PIE) cells treated with Lactobacillus rhamnosus CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum
MPL16, or L. plantarum CRL681 and challenged with the viral molecular–associated pattern poly(I:C), analyzed by quantitative polymerase chain reaction. Porcine
intestinal epithelial cells with no lactobacilli treatment and stimulated with poly(I:C) were used as controls. The results represent data from three independent
experiments. Letters indicate significant differences (P < 0.05), a < b < c.

FIGURE 3 | Heat map analysis of the differentially regulated genes in porcine intestinal epithelial (PIE) cells treated with Lactobacillus rhamnosus CRL1505,
L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum MPL16, or L. plantarum CRL681 and challenged with the viral
molecular–associated pattern poly(I:C).

We performed a cluster analysis to depict the transcriptomic
patterns of differentially modulated genes between lactobacilli-
treated and control PIE cells, in order to find the strains

with similar immunomodulatory properties in the context
of TLR3 activation. As shown in Figure 3, the treatments
with immunomodulatory lactobacilli plus poly(I:C) clustered
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together and separated from the non-immunomodulatory
strains. Moreover, L. rhamnosus CRL1505 and L. plantarum
MPL16 were separated from L. plantarum CRL1506 and
L. rhamnosus IBL027. These results indicate that L. plantarum
MPL16 would have the ability to differentially regulate the
immunotranscriptomic response in poy(I:C)-challenged PIE cells
(Supplementary Figure S3) in a way comparable to that
previously reported for L. rhamnosus CRL1505 (16, 20).

Modulation of TLR3-Triggered Intestinal
Immune Response in Mice by
Lactobacilli
Next, we were interested in finding out whether the differences
in the immunomodulatory activities of CRL1505, MPL16,
CRL1506, and IBL027 observed in PIE cells could be also found in
an in vivo model. Then, lactobacilli were given orally to different
groups of mice, and the intestinal cytokine profile was evaluated
before (basal levels) and after the intraperitoneal challenge with
poly(I:C). As observed in Supplementary Figure S4, a strain-
dependent ability in the modulation of the basal levels of
intestinal cytokines was detected. The four immunomodulatory
strains increased the intestinal levels of IFN-β, IFN-γ, and IL-10;
however, L. rhamnosus CRL1505 and L. plantarum MPL16 were
more efficient than the other strains to augment IFN-γ and IL-
10. The non-immunomodulatory strains CRL681 and CRL576
did not modify the levels of intestinal IFN-β. Interestingly,
L. plantarum CRL681 increased the levels of intestinal IFN-γ
and IL-10 (Supplementary Figure S4). All the lactobacilli strains
with the exception of L. rhamnosus CRL576 increased TNF-α,
whereas the CRL1505, MPL16, IBL027, and CRL681 enhanced
the intestinal levels of IL-6 (Supplementary Figure S4). The basal
concentration of IL-15 was under the detection limits in all the
experimental groups (data not shown).

We evaluated the biochemical markers LDH and AST in order
to study the inflammatory damage after poly(I:C) administration
(Figure 4). As we reported previously (8), the intraperitoneal
challenge with poly(I:C) significantly increased LDH and AST
activities in serum samples. The four immunomodulatory
strains decreased serum LDH and AST, whereas the non-
immunomodulatory strains CRL681 and CRL576 did not modify
the levels of those markers (Figure 4).

In addition, the intraperitoneal administration of poly(I:C)
significantly increased the levels of IFN-β; IFN-γ; the
proinflammatory cytokines TNF-α, IL-6, and IL-15; and
the regulatory cytokine IL-10 in the intestinal fluid (Figure 5).
The four immunomodulatory strains were able to enhance
the intestinal levels of IFN-β and IFN-γ after TLR3 activation.
The CRL1505, MPL16, CRL1506, and IBL027 strain were
also capable of significantly reducing the concentrations of
TNF-α, IL-6, and IL-15 and increasing the levels of IL-10 in the
intestine when compared to control mice (Figure 5). Of note,
L. rhamnosus CRL1505 and L. plantarum MPL16 were more
efficient than the other strains to reduce TNF-α and IL-15. The
non-immunomodulatory strains CRL681 and CRL576 did not
modify the levels of IFN-β, IFN-γ, TNF-α, IL-6, IL-15, or IL-10
when compared to controls (Figure 5).

Again, we performed a cluster analysis to depict the
differentially modulated cytokines and injury markers between
lactobacilli-treated and control mice, in order to find the
strains with similar immunomodulatory properties in the in vivo
mice model. As shown in Figure 6, a clear strain-dependent
effect was observed in the ability of lactobacilli to modulate
cytokines before and after poly(I:C) challenge. Interestingly,
L. rhamnosus CRL1505 and L. plantarum MPL16 clustered
together and separated from the other immunomodulatory
strains L. plantarum CRL1506 and L. rhamnosus IBL027. These
results allow us to speculate that L. plantarum MPL16 would
have the ability to differentially regulate the intestinal innate
immune response in poy(I:C)-challenged mice and protect
against the inflammatory damage (Supplementary Figure S5) in
a way comparable to that previously reported for L. rhamnosus
CRL1505 (8).

Modulation of TLR3-Triggered
Respiratory Immune Response in Mice
by Lactobacilli
We have previously reported that orally administered
L. rhamnosus CRL1505 is able to beneficially modulate the
respiratory immune response triggered by TLR3 activation (7)
and improve the resistance against influenza virus (10) and RSV
(9). We also showed that the capacity of orally administered
CRL1505 strain to modulate immunity in distal mucosal sites
is not sheared by the immunomodulatory strain L. plantarum
CRL1506. Then, taking into considerations the similarities
found in this work between the CRL1505 and MPL16 strains,
we were interested in finding out whether orally administered
L. plantarum MPL16 was able to influence respiratory tract
immunity. For this purpose, lactobacilli were given orally
to different groups of mice, and the serum and respiratory
cytokine profile was evaluated before (basal levels) and after
the nasal challenge with poly(I:C). The changes in the profile of
cytokines induced in the BAL (Supplementary Figure S6) and
serum (Supplementary Figure S7) by lactobacilli indicated a
clear strain-dependent effect. When the levels of the different
cytokines were analyzed in BAL, it was shown that only
L. rhamnosus CRL1505 and L. plantarum MPL16 enhanced the
concentrations of IFN-β. In addition, CRL1505, MPL16 and
IBL027 increased the basal levels of IFN-γ and IL-10. However,
L. rhamnosus IBL027 was less efficient than the CRL1505
and MPL16 to induce the up-regulation of those cytokines
(Supplementary Figure S6). The basal levels of respiratory
TNF-α were increased by L. rhamnosus CRL1505, L. plantarum
MPL16, and L. plantarum CRL1506, whereas the CRL681 and
CRL576 treatments induced no changes in any of the cytokines
evaluated in the respiratory tract (Supplementary Figure S6).

All the immunomodulatory strains were capable of enhancing
the concentrations of IFN-β, IFN-γ, TNF-α, and IL-10 in
serum when compared to controls. However, L. rhamnosus
CRL1505 and L. plantarum MPL16 were more efficient than
the other immunomodulatory strains to increase the basal levels
of serum IFN-γ, TNF-α, and IL-10. Lactobacillus rhamnosus
CRL576 and L. plantarum CRL681 did not induce significant
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FIGURE 4 | Levels of serum injury markers [lactate dehydrogenase (LDH) and aspartate aminotransferase (AST)] in mice orally treated with Lactobacillus rhamnosus
CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum MPL16, or L. plantarum CRL681 (108 cells/mouse per
day for five consecutive days) and then challenged by the intraperitoneal route with 30 µg of the viral molecular–associated pattern poly(I:C). Mice with no lactobacilli
treatment and challenged with poly(I:C) were used as controls. Serum injury markers were evaluated on day 2 after poly(:C) administration. The results represent data
from three independent experiments (n = 6 per group). Letters indicate significant differences (P < 0.05), a < b < c.

FIGURE 5 | Levels of intestinal interferons (IFN-β and IFN-γ), proinflammatory cytokines [TNF-α and interleukin 6 (IL-6)] and IL-10 in mice orally treated with
Lactobacillus rhamnosus CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum MPL16, or L. plantarum
CRL681 (108 cells/mouse per day for 5 consecutive days) and then challenged by the intraperitoneal route with 30 µg of the viral molecular–associated pattern
poly(I:C). Mice with no lactobacilli treatment and challenged with poly(I:C) were used as controls. Immune factors were evaluated on day 2 after poly(:C)
administration. The results represent data from three independent experiments (n = 6 per group). Letters indicate significant differences (P < 0.05), a < b < c.

changes in serum cytokines when compared to controls
(Supplementary Figure S7).

We also evaluated the levels of the biochemical markers
albumin and LDH in BAL as indicators of lung injury
(7, 9, 10). The nasal challenge of mice with poly(I:C)
significantly altered lungs function and induced lung injuries
as demonstrated by the increased levels of BAL albumin and
LDH (Figure 7), reflecting alteration of the alveolar–capillary
barrier and local cellular damage. Only L. rhamnosus CRL1505
and L. plantarum MPL16 treatments were able to significantly
reduce the levels of BAL LDH and albumin when compared to
controls (Figure 7).

The nasal administration poly(I:C) significantly increased
serum (Supplementary Figure S8) and respiratory (Figure 8)

levels of IFN-β, IFN-γ, TNF-α, and IL-10. Lactobacillus
rhamnosus CRL1505 and L. plantarum MPL16 enhanced the
levels of IFN-β and IFN-γ in both serum and BAL, whereas
L. rhamnosus IBL027 was capable of increasing only BAL
IFN-γ. The four immunomodulatory strains were capable of
reducing serum and BAL levels of TNF-α, however; the CRL1505
and MPL16 strains were more effective to down-regulate this
inflammatory cytokine in the respiratory tract (Figure 8). In
addition, the four immunomodulatory strains increased IL-10
in serum (Supplementary Figure S8), but only L. rhamnosus
CRL1505 and L. plantarum MPL16 enhanced the levels of this
immunoregulatory cytokine in the respiratory tract (Figure 8).

We performed a cluster analysis to depict the differentially
modulated serum and BAL cytokines and lung injury markers
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FIGURE 6 | Heat map analysis of the differentially regulated intestinal immune factors and serum injury markers before (basal) and after poly(I:C) challenge. Mice
were orally treated with Lactobacillus rhamnosus CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum MPL16,
or L. plantarum CRL681, and then challenged by the intraperitoneal route with the viral molecular–associated pattern poly(I:C).

FIGURE 7 | Levels of bronchoalveolar lavage (BAL) injury markers [albumin and lactate dehydrogenase (LDH)] in mice orally treated with Lactobacillus rhamnosus
CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum MPL16, or L. plantarum CRL681 (108 cells/mouse per day
for five consecutive days) and then challenged by the nasal route with 250 µg of the viral molecular–associated pattern poly(I:C) for 3 consecutive days. Mice with no
lactobacilli treatment and challenged with poly(I:C) were used as controls. Bronchoalveolar lavage injury markers were evaluated on day 2 after the last poly(:C)
administration. The results represent data from three independent experiments (n = 6 per group). Letters indicate significant differences (P < 0.05), a < b < c.

between lactobacilli-treated and control mice. As shown in
Figure 9, a clear strain-dependent effect was observed in the
ability of lactobacilli to modulate immunity in the respiratory
tract. Of note, L. rhamnosus CRL1505 and L. plantarum
MPL16 clustered together and separated from the other
immunomodulatory strains. These results allow us to speculate

that L. plantarum MPL16 would have the ability to differentially
regulate the systemic and respiratory innate immune response
in poy(I:C)-challenged mice and protect against the lung
inflammatory damage (Supplementary Figure S9) in a way
comparable to that previously reported for L. rhamnosus
CRL1505 (7).
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FIGURE 8 | Levels of bronchoalveolar lavage (BAL) interferons (IFN-β and IFN-γ), TNF-α, and interleukin 10 (IL-10) in mice orally treated with Lactobacillus
rhamnosus CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum MPL16, or L. plantarum CRL681 (108

cells/mouse per day for 5 consecutive days) and then challenged by the nasal route with 250 µg of the viral molecular–associated pattern poly(I:C) for three
consecutive days. Mice with no lactobacilli treatment and challenged with poly(I:C) were used as controls. Bronchoalveolar lavage immune factors were evaluated on
day 2 after the last poly(:C) administration. The results represent data from three independent experiments (n = 6 per group). Letters indicate significant differences
(P < 0.05), a < b < c.

Enhancement of the Resistance Against
RSV Infection by L. plantarum MPL16
Finally, we aimed to test whether the oral administration of
L. plantarum MPL16 was able to confer protection against
a respiratory virus challenge. For this purpose, mice were
fed the MPL16 strain and then nasally challenged with RSV.
Lactobacillus rhamnosus CRL1505 and L. plantarum CRL1506
were used as positive and negative controls, respectively,
according to our previous work demonstrating their different
ability to protect against this viral pathogen (9). As shown
in Figure 10, both L. rhamnosus CRL1505 and L. plantarum
MPL16 were equally effective in reducing RSV lung titers,
whereas the CRL1506 strain did not induce changes when
compared to control mice. In addition, the MPL16 and CRL1505
strains significantly reduced the levels of the markers of lung
damage, whereas L. plantarum CRL1506 was not able to
achieve this effect (Figure 10). The levels of respiratory IFN-
β, IFN-γ, TNF-α, and IL-10 were also evaluated after the
challenge with RSV (Figure 11). Both L. rhamnosus CRL1505
and L. plantarum MPL16 enhanced the levels of IFN-β, IFN-
γ, and IL-10 in BAL, whereas L. plantarum CRL1506 was
not capable of increasing these cytokines when compared to
controls. The CRL1506 strain did not induce changes in the
levels of BAL TNF-α when compared to the control group.

The MPL16 and CRL1505 strains significantly increased the
respiratory levels of TNF-α, being L. rhamnosus CRL1505
more effective than L. plantarum MPL16 to achieve this
effect (Figure 11).

DISCUSSION

In middle- and low-income countries, intestinal and respiratory
viral infections are the most common and deadly diseases
in children (26–28). The use of functional foods such as
those containing immunomodulatory probiotic lactobacilli has
been proposed to stimulate the intestinal and the respiratory
immune system, improving the outcome of viral diarrhea
and pneumonia simultaneously. An example of the high
probability of success of this strategy is the “Yogurito
Nutritional Program” implemented in Argentina (2, 29). The
program uses a probiotic yogurt containing the immunobiotic
strain L. rhamnosus CRL1505 to prevent respiratory and
gastrointestinal diseases by enhancing the immunological system
of children attending public schools. Then, the selection of
new immunobiotic strains that have different biotechnological
properties but the same or better immunomodulatory capacities
than L. rhamnosus CRL1505 could enhance the development
of various types of functional foods that could be used
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FIGURE 9 | Heat map analysis of the differentially regulated serum and bronchoalveolar lavage (BAL) immune factors and BAL injury markers before (basal) and after
poly(I:C) challenge. Mice were orally treated with Lactobacillus rhamnosus CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum
CRL1506, L. plantarum MPL16, or L. plantarum CRL681 and then challenged by the nasal route with the viral molecular–associated pattern poly(I:C) for three
consecutive days.

around the world to reduce the incidence and severity of
intestinal and pulmonary infections caused by viruses. Such
selection, in addition to being efficient, should be performed
using in vitro systems in order to minimize the use of
experimental animals.

In this work, we demonstrated that the study of biomarkers
expression in poly(I:C)-challenged PIE cells is a very effective tool
for the selection of immunobiotics with the ability to modulate
intestinal and respiratory antiviral immunity. The transcriptional
profiling performed in vitro in poly(I:C)-challenged PIE cells
in this work allowed us to select a new immunobiotic strain,
L. plantarum MPL16, with the ability to stimulate in vivo the local
(intestinal) and distal (respiratory) mucosal immune systems.

Lactobacillus rhamnosus CRL1505 and L. plantarum MPL16
similarly modulated gene expression in poly(I:C)-challenged PIE
cells inducing significant increases of both IFN-α and IFN-β and
in the antiviral factors MX2, OAS1, and RNASEL. Our previous
studies in PIE cells showed that rotavirus can be detected by this
cell line through TLR3, inducing the expression of IFN-β and up-
regulating the antiviral genes MxA and RNASEL (15). Moreover,
those studies demonstrated that immunobiotics strains with
the ability to enhance IFN-β, MxA, and RNASEL were also
capable of reducing rotavirus replication. We demonstrated that
immunobiotic strains such as L. rhamnosus CRL1505 (16) and

Bifidobacterium infantis MCC12 (15) increased the expression
of IFN-β and antiviral factors by reducing the expression of
A20. The down-regulation of A20 gene expression in poly(I:C)-
challenged PIE cells results in the improved activation of IRF3
and NF-κB signaling pathways, which increase the expression
of not only IFN-α, IFN-β, MX2, OAS1, and RNASEL but in
addition several other antiviral factors including OASL, MX1,
OAS2, RNASE4, IFIT1, IFIT3, IFIT2, and IFIT5 (Supplementary
Figure S3) (16). The in vivo experiments in mice performed
here also demonstrated that L. plantarum MPL16 is able to
enhance the intestinal levels of IFN-β. Moreover, MPL16-treated
mice also showed higher levels of intestinal IFN-γ as observed
by L. rhamnosus CRL1505. It was reported that infection with
rotavirus in suckling mice induces a significant up-regulation
of different types of IFNs in the intestine including IFN-γ by
T cells and type I IFNs by dendritic cells (DCs) and IECs
(30). Interferons binding to their cognate cell surface receptors
activate positive feedback loops that amplify the expression of
IFNs as well as more than 300 different IFN-stimulated genes
(31). This IFNs release then efficiently amplify the expression
of antiviral proteins targeting a variety of viral replication steps
in uninfected bystander cells. It was also shown in in vitro
studies that the addition of purified exogenous IFNs after
rotavirus infection of human IECs does not significantly hamper
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FIGURE 10 | Lung respiratory syncytial virus (RSV) titers, lung wet-to-dry ratio, and levels of bronchoalveolar lavage (BAL) injury markers [albumin and lactate
dehydrogenase (LDH)] in mice orally treated with Lactobacillus rhamnosus CRL1505, Lactobacillus plantarum CRL1506, or L. plantarum MPL16 (108 cells/mouse
per day for five consecutive days) and then challenged by the nasal route with RSV. Mice with no lactobacilli treatment and infected with RSV were used as controls.
Respiratory syncytial virus titers and injury markers were evaluated on day 2 after viral infection. The results represent data from three independent experiments
(n = 6 per group). Letters indicate significant differences (P < 0.05), a < b < c.

viral replication; however, IFN treatment of cells prior to viral
challenge is required to achieve an efficient restriction of rotavirus
replication (32).

The excessive activation of the inflammatory response or the
failure in the mechanisms that control it significantly contributes
to the injury of the infected tissue during viral infections.
Intestinal epithelial cells produce a variety of cytokines and
chemokines in response to the viral attack, including IL-6, IL-8,
TNF-α, and granulocyte-macrophage colony-stimulating factor.
The production of those inflammatory factors is important
for the protection against the viral infection through their
direct antiviral effects (33) or the recruitment and activation of
phagocytes (34). However, infiltration of immune cells to the

intestinal mucosa can contribute to the local damage mediated
by the inflammatory and oxidative stress (35). In addition, it
was reported that purified dsRNA from rotavirus is able to
induce severe intestinal damage in mice through the activation of
TLR3 signaling pathway (36). Moreover, it was also demonstrated
that the intraperitoneal administration of the synthetic dsRNA
poly(I:C) to mice mimics the inflammatory intestinal immune
response elicited by rotavirus and induce mucosal erosion, villous
atrophy, intestinal wall attenuation, and diarrhea (8, 36, 37).
Interestingly, it was shown that the intestinal damage triggered by
dsRNA-TRL3 interaction is mediated by the increased expression
of IL-15 and retinoic acid early inducible 1 (RAE1) in IECs, which
induce the activation of CD3+NK1.1+CD8αα+ intraepithelial
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FIGURE 11 | Levels of bronchoalveolar lavage (BAL) interferons (IFN-β and IFN-γ), TNF-α, and interleukin 10 (IL-10) in mice orally treated with Lactobacillus
rhamnosus CRL1505, Lactobacillus plantarum CRL1506, or L. plantarum MPL16 (108 cells/mouse per day for five consecutive days) and then challenged by the
nasal route with RSV. Mice with no lactobacilli treatment and infected with RSV were used as controls. Immune markers were evaluated on day 2 after viral infection.
The results represent data from three independent experiments (n = 6 per group). Letters indicate significant differences (P < 0.05), a < b < c.

lymphocytes (IELs) and promote epithelial destruction through
the RAE1–NKG2D interaction (Supplementary Figure S5) (38).
We reported previously that L. rhamnosus CRL1505 is able
to significantly reduce the expression of IL-15 and RAE1 in
poly(I:C)-challenged PIE cells (16) and to reduce the levels
of intestinal TNF-α and IL-15 and diminish the gut damage
mediated by CD3+NK1.1+CD8αα+ IELs in mice after TLR3
activation (8). Here, we found that L. plantarum MPL16 is
able to modulate the cytokine profile expression triggered by
TLR3 activation in PIE cells as well as in mice intestinal
mucosa, in a way similar to that observed for the CRL1505
strain. Then, it is tempting to speculate that L. plantarum
MPL16 would have the ability to beneficially regulate intestinal
inflammation in the context of TLR3 activation; however,
more detailed studies using viral challenges are necessary to
demonstrate this effect.

Our results allow us to speculate that L. plantarum MPL16
would be capable to modulate IECs innate immune response,
improve the resistance to rotavirus infection, and reduce
the severity of inflammatory-mediated damage, as we have
previously demonstrated in vitro (16, 20), in vivo (8), and in
clinical trials (2, 29) for the CRL1505 strain.

We also demonstrated here that orally administered
L. plantarum MPL16 is able to differentially modulate the
respiratory antiviral immune response. We reported previously
that the improvement of IFN-β production by CD11c+SiglecF+
alveolar macrophages and IFN-γ by CD3+CD4+ T cells is related
to the ability of immunobiotic treatments to enhance resistance
to respiratory virus (39, 40), in line with studies demonstrating
that these immune cell populations are the main producer of
IFNs during pulmonary viral infections (36, 37). The increased
levels of respiratory IFN-γ and IFN-β found in L. plantarum
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MPL16–treated mice correlated with the improved resistance of
mice to RSV infection. On the other hand, we have extensively
used a mice experimental model of lung inflammation based
on the nasal administration of poly(I:C) in order to mimic
the respiratory innate antiviral immune response triggered by
RSV and to evaluate the beneficial effects of immunobiotic
bacteria (7, 9, 10, 39, 40). The respiratory priming with the TLR3
agonist induces a marked inflammatory damage characterized
by impaired alveolar–capillary barrier function and epithelial cell
death as well as increased levels of TNF-α, IL-6, IL-8, and MCP-1.
Prominent improvements of the IL-8, MIP-1, RANTES, MCP-1,
TNF-α, and IL-6 have been reported in both experimentally
RSV-infected mice and naturally RSV-infected children (41). The
increase in the respiratory levels of those inflammatory factors,
especially TNF-α, contributes to clearance of the virus during
the early stages of RSV infection; however, their continued
production exacerbates lung injuries during the late stages
of infection (41, 42). Then, the appropriate regulation of the
respiratory immune response is also essential for the protection
of RSV-infected hosts. In this regard, it was demonstrated
that IL-10 has a crucial role in regulating the severity of RSV
infection (42, 43). The deficiency of IL-10 does not affect RSV
load in lungs, but significantly enhances the inflammatory cells
influx into the lung, promotes lung damage, and increases
weight loss of infected mice (42, 43). The results of this work
demonstrated that orally administered L. plantarum MPL16 is
able to reduce the levels of inflammatory factors, increase IL-10,
and significantly diminish the markers of lung tissue damage
after the nasal administration of poly(I:C). Moreover, we also
demonstrated here that orally administered L. plantarum MPL16
significantly reduced the respiratory injury markers after RSV
challenge and differentially modulated the levels of respiratory
proinflammatory and anti-inflammatory cytokines induced by
the viral infection. Those effects were similar to the previously
described for the CRL1505 strain (Supplementary Figure S9)
(7, 9, 10, 39).

The results of this work confirm that new immunobiotics
strains with the ability of stimulating both local and distal
antiviral immune responses when orally administered can be
efficiently selected by evaluating the expression of appropriate
biomarkers of the transcriptomic profile of poly(I:C)-challenged
PIE cells. The comparison of the transcriptomic patterns
of differentially modulated genes in PIE cells treated with
different lactobacilli allowed us to select the MPL16 strain that
clustered together with the immunobiotic strain L. rhamnosus
CRL1505, which has been proved to differentially modulate
the intestinal and the respiratory antiviral responses and
protect against enteric and respiratory viruses (2, 7, 9, 10).
The in vivo studies performed here conclusively demonstrated
that L. plantarum MPL16 modulated the profiles of intestinal,
serum, and respiratory cytokines; reduced the inflammatory
damage triggered by TLR3 activation in both the intestinal
and respiratory mucosa; and improved the resistance to RSV
infection. The immunological changes induced by L. plantarum
MPL16 were not different from those previously reported for
the CRL1505 strain. Further mechanistic studies evaluating
comparatively the effects of CRL1505 and MPL16 strains in

different immune cell populations such as DCs and macrophages,
as well as more detailed molecular and genomic characterization
of both lactobacilli strains, could contribute significantly to the
understanding of the molecular mechanisms involved in the
ability of immunobiotics to stimulate distant mucosal sites such
as the respiratory tract.

Of note, the biotechnological properties of the two strains
are different. Whereas L. rhamnosus CRL1505 has been used
mainly in the development of dairy functional products (2, 44),
the MPL16 strain has shown a remarkable ability to growth
and ferment wakame (Undaria pinnatifida) that is the most
popular and economically important edible brown algae in Asian
countries (24, 45). Then, the different biotechnological properties
of L. plantarum MPL16 could potentiate the development of
non-dairy functional foods or feeds with the ability to improve
antiviral immunity in the intestine and the respiratory tract.
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FIGURE S1 | Expression of interferon (IFN)-α, and antiviral factors (TLR3, RIG-1
and OAS1) genes in porcine intestinal epithelial (PIE) cells treated with
Lactobacillus rhamnosus CRL1505, L. rhamnosus IBL027, L. rhamnosus
CRL576, Lactobacillus plantarumC RL1506, L. plantarum MPL16, or L. plantarum
CRL681 and challenged with the viral molecular associated pattern poly(I:C),
analyzed by qPCR. PIE cells with no lactobacilli treatment and stimulated with
poly(I:C) were used as controls. The results represent data from three independent
experiments. Letters indicate significant differences (P < 0.05), a < b < c.

FIGURE S2 | Expression of genes involved in prostaglandins biosynthesis
(PTGS2, PLA2G4A, PTGER4 and PTGES) in porcine intestinal epithelial (PIE) cells
treated with Lactobacillus rhamnosus CRL1505, L. rhamnosus IBL027,
L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum MPL16,
or L. plantarum CRL681 and challenged with the viral molecular associated
pattern poly(I:C), analyzed by qPCR. PIE cells with no lactobacilli treatment and
stimulated with poly(I:C) were used as controls. The results represent data from
three independent experiments. Letters indicate significant differences
(P < 0.05), a < b < c.

FIGURE S3 | Global overview of the signaling pathways and immune genes
differentially regulated in PIE cells treated with L. rhamnosus CRL1505 or
L. plantarum MPL16 and challenged with poly(I:C). Detailed immunomodulatory

mechanisms were previously studied for L. rhamnosus CRL1505 (16, 20).

FIGURE S4 | Levels of intestinal interferons (IFN-β and IFN-γ), proinflammatory
cytokines (TNF-α and IL-6) and IL-10 in mice orally treated with Lactobacillus
rhamnosus CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576,
Lactobacillus plantarum CRL1506, L. plantarum MPL16, or L. plantarum CRL681
(108 cells/mouse/day for five consecutive days). Mice with no lactobacilli treatment
were used as controls. Immune factors were evaluated on day 6. The results
represent data from three independent experiments (n = 6 per group). Letters
indicate significant differences (P < 0.05), a < b < c.

FIGURE S5 | Global overview of the effect of L. rhamnosus CRL1505 and
L. plantarum MPL16 on the intestinal inflammatory injury induced by poly(I:C) and
mediated by the activation of CD3+NK1.1+CD8αα+ intraepithelial lymphocytes
(IELs) that promote epithelial destruction through the RAE1–NKG2D interaction.
Detailed immunomodulatory mechanisms were previously studied for
L. rhamnosus CRL1505 (8).

FIGURE S6 | Levels of bronco-alveolar lavages (BAL) interferons (IFN-β and
IFN-γ), TNF-α and IL-10 in mice orally treated with Lactobacillus rhamnosus
CRL1505, L. rhamnosus IBL027, L. rhamnosus CRL576, Lactobacillus plantarum
CRL1506, L. plantarum MPL16, or L. plantarum CRL681 (108 cells/mouse/day for
five consecutive days). Mice with no lactobacilli treatment were used as controls.
Immune factors were evaluated on day 6. The results represent data from three
independent experiments (n = 6 per group). Letters indicate significant differences
(P < 0.05), a < b < c.

FIGURE S7 | Levels of serum interferons (IFN-β and IFN-γ), TNF-α and IL-10 in
mice orally treated with Lactobacillus rhamnosus CRL1505, L. rhamnosus
IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum
MPL16, or L. plantarum CRL681 (108 cells/mouse/day for five consecutive days).
Mice with no lactobacilli treatment were used as controls. Immune factors were
evaluated on day 6. The results represent data from three independent
experiments (n = 6 per group). Letters indicate significant differences
(P < 0.05), a < b < c.

FIGURE S8 | Levels of serum interferons (IFN-β and IFN-γ), TNF-α and IL-10 in
mice orally treated with Lactobacillus rhamnosus CRL1505, L. rhamnosus
IBL027, L. rhamnosus CRL576, Lactobacillus plantarum CRL1506, L. plantarum
MPL16, or L. plantarum CRL681 (108 cells/mouse/day for five consecutive days),
and then challenged by the nasal route with 250 µg of the viral molecular
associated pattern poly(I:C) for three consecutive days. Mice with no lactobacilli
treatment and challenged with poly(I:C) were used as controls. Serum immune
factors were evaluated on day 2 after the last poly(:C) administration. The results
represent data from three independent experiments (n = 6 per group). Letters
indicate significant differences (P < 0.05), a < b < c.

FIGURE S9 | Global overview of the effect of L. rhamnosus CRL1505 and
L. plantarum MPL16 on the respiratory innate immune response triggered by
poly(I:C). Detailed immunomodulatory mechanisms were previously studied for
L. rhamnosus CRL1505 (7, 9).
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Studies have demonstrated that lipoteichoic acid (LTA) is involved in the
immunomodulatory properties of some immunobiotic lactobacilli. The aim of this
work was to evaluate whether LTA contributes to the capacity of Lactobacillus
plantarum CRL1506 in modulating the intestinal innate antiviral immune response.
A D-alanyl-lipoteichoic acid biosynthesis protein (dltD) knockout CRL1506 strain
(L. plantarum1dltD) was obtained, and its ability to modulate Toll-like receptor (TLR)-
3-mediated immune response was evaluated in vitro in porcine intestinal epithelial (PIE)
cells and in vivo in Balb/c mice. Wild-type (WT) CRL1506 (L. plantarum WT) was used as
positive control. The challenge of PIE cells with the TLR3 agonist poly(I:C) significantly
increased interferon (IFN)-β, interleukin (IL)-6, and monocyte chemoattractant protein
(MCP)-1 expressions. PIE cells pretreated with L. plantarum1dltD or L. plantarum WT
showed higher levels of IFN-β while only L. plantarum WT significantly reduced the
expression of IL-6 and MCP-1 when compared with poly(I:C)-treated control cells. The
oral administration of L. plantarum WT to mice prior the intraperitoneal injection of
poly(I:C) significantly increased IFN-β and IL-10 and reduced intraepithelial lymphocytes
(CD3+NK1.1+CD8αα+) and pro-inflammatory mediators (TNF-α, IL-6, and IL-15) in the
intestinal mucosa. Similar to the WT strain, L. plantarum1dltD-treated mice showed
enhanced levels of IFN-β after poly(I:C) challenge. However, treatment of mice with
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L. plantarum1dltD was not able to increase IL-10 or reduce CD3+NK1.1+CD8αα+

cells, TNF-α, IL-6, or IL-15 in the intestine. These results indicate that LTA would be
a key molecule in the anti-inflammatory effect induced by the CRL1506 strain in the
context of TLR3-mediated inflammation.

Keywords: immunobiotic, D-alanyl-lipoteichoic acid biosynthesis protein mutant, Lactobacillus plantarum
CRL1506, intestinal immunity, lipoteichoic acid

INTRODUCTION

One of the fundamental problems of the world related to
nutrition is the immunosuppression associated with malnutrition
(1, 2). Undernutrition is one of the factors that contribute most
to the global burden of disease, with increasing numbers affecting
the most vulnerable populations in developing countries (2).
More than a third of child deaths worldwide are attributed to
malnutrition and its profound impact on the host resistance
to infections. In this regard, diarrhea remains the leading
cause of death of children, particularly in those with severe
malnutrition (3). Although in recent years it has been possible
to reduce infant mortality and morbidity resulting from
rotavirus gastroenteritis, such infection is still a persistent
problem worldwide and is one of the most common causes
of hospitalization and mortality in children. Globally, at least
200,000 children under 5 years of age die of diarrhea every year
due to the severe dehydration and electrolyte disorders caused by
rotavirus infection (4). The majority of rotavirus-related deaths
(>80%) are found in low-income countries, where there is a
high prevalence of child malnutrition and limited access to
medical care (5).

The World Health Organization has proposed a cohesive
approach to end preventable diarrhea deaths in children
(3). The plan proposes interventions to create healthy
environments, promotes practices to protect children from
infectious diseases, and ensures that all children have access
to appropriate preventive and treatment measures. The
document emphasizes the importance of healthy food and
vaccination for the prevention of intestinal infections in
children. In this regard, various clinical trials and animal
model studies have demonstrated the ability of probiotic
lactic acid bacteria (LAB) with immunomodulatory activities,
also known as immunobiotics, to improve the resistance to
intestinal viral infections (6–8). Although great advances have
been made in the use of immunobiotics for the development
of immunomodulatory functional foods or as adjuvants in
experimental mucosal vaccines (6–8), deeper studies are still
necessary to achieve a better understanding of their interaction
with the immune system. Deeper knowledge of the cellular
and molecular interactions of immunobiotics with host
immune and non-immune cells could help in the selection
of the most efficient strains and lay the scientific basis for
their safe use, in particular in high-risk populations such as
malnourished children.

Previous in vitro transcriptomic studies showed that
Lactobacillus plantarum CRL1506 is able to modulate the
expression of type I interferons (IFNs), antiviral factors,

cytokines, chemokines, and adhesion molecules in porcine
intestinal epithelial (PIE) cells challenged with the Toll-like
receptor (TLR)-3 ligand poly(I:C) (9). In addition, studies in
porcine antigen-presenting cells isolated from Peyer’s patches
demonstrated that the CRL1506 strain differentially modulated
the expression of IFN-γ, interleukin (IL)-1β, IL-12, IL-6, and
tumor necrosis factor (TNF)-α (10). Moreover, L. plantarum
CRL1506 was able to activate porcine CD172a+CD11R1high

dendritic cells (DCs) and CD172a+CD11R1− macrophages
as demonstrated by the enhanced levels of the major
histocompatibility complex (MHC)-II and co-stimulatory
molecules CD80/86 (10). The patterns of IFNs, cytokines, and
chemokines induced by L. plantarum CRL1506 in resident
intestinal immune and non-immune cells allow us to predict
an improved recruitment and activation of immune cells to the
gut mucosa, which could beneficially influence the elimination
of the virus. On the other hand, taking into consideration
that the deregulated activation of immune cells and/or their
excessive recruitment into the infected tissue could contribute
to the local cellular damage in the context of viral infection,
we also evaluated the ability of L. plantarum CRL1506 to
protect against the TLR3-mediated intestinal inflammatory
alterations. Our in vivo studies in mice demonstrated that
orally administered CRL1506 strain, prior to the intraperitoneal
challenge of animals with poly(I:C), significantly reduced the
severity of intestinal damage triggered by TLR3 activation.
The beneficial effect of the immunobiotic strain was related
to its capacity of modulating the expression of IL-15 and
retinoic acid early inducible-1 (RAE1) in epithelial cells and the
activation of CD3+NK1.1+CD8αα+ intraepithelial lymphocytes
(IELs) (11).

In order to gain deeper knowledge of the bacterial molecules
involved in the beneficial effects of L. plantarum CRL1506,
in this work, we aimed to evaluate whether lipoteichoic acid
(LTA) contributes to the capacity of the immunobiotic strain of
modulating the intestinal innate antiviral immune response. A D-
alanyl-lipoteichoic acid biosynthesis protein (dltD) knockout
CRL1506 strain (L. plantarum1dltD) was obtained, and its ability
to modulate TLR3-mediated immune response was evaluated
in vitro and in vivo. Similar to the wild-type (WT) strain, the
mutant L. plantarum1dltD was able to differentially modulate
IFN-γ and IFN-β in response to poly(I:C) challenge in vitro
and in vivo. However, L. plantarum1dltD was not able to
increase IL-10 or reduce the inflammatory damage mediated by
CD3+NK1.1+CD8αα+ cells and IL-15 in the intestinal mucosa.
The results of this work indicate that LTA would be a key
molecule in the anti-inflammatory effect induced by L. plantarum
CRL1506 in the context of TLR3-mediated inflammation.
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MATERIALS AND METHODS

Microorganisms
Lactobacillus plantarum CRL1506 was obtained from the
Reference Centre for Lactobacilli (CERELA CONICET)
Culture Collection (Tucuman, Argentina). Cultures
were kept freeze-dried and then rehydrated using the
following medium: tryptone, 10.0 g; meat extract, 5.0 g;
peptone, 15.0 g; and distilled water, 1 L, pH 7. Bacteria
were cultured for 12 h at 37◦C (final log phase) in
Man–Rogosa–Sharpe broth (MRS, Oxoid, Cambridge,
United Kingdom).

The mutant D-alanyl-lipoteichoic acid biosynthesis protein
knockout L. plantarum CRL1506 strain (L. plantarum 1dltD)
was obtained according to the method described by Yamauchi
et al. (12). Briefly, the dltD gene was obtained by PCR using
primers No. 65 and No. 66 (Table 1 and Figure 1). By
using this gene fragment as a template, the 27-bp in-frame
deletion of dltD was obtained by PCR using primers No.67
and No. 98, followed by primers No. 99 and No. 100. These
fragments were combined by overlap PCR using No. 67
and No. 100 (Table 1 and Figure 1). This fragment was
digested by SacI and KpnI and then inserted into pSG+E2
(thermo-sensitive replicon) that was obtained from the Food
Research and Development Center, Meiji Dairies Corporation
(Tokyo, Japan), by DNA Ligation Kit Ver1 (Takara Bio Inc.,
Japan) to generate the pSG+dD plasmid. The construction
of this vector was performed in Lactococcus lactis IL1403
(kindly given by the Food Research and Development
Center, Meiji Dairies Corporation, Tokyo, Japan). The
pSG+dD was electroporated into L. plantarum CRL1506
according to the method described by De Keersmaecker et al.
(13). A double crossover event was performed according
to the method described by Biswas et al. (14) in order
to obtain a 1dltD L. plantarum CRL1506 strain. The
27-bp deletion in the dltD gene of CRL1506 mutant was
confirmed by sequencing.

Scanning electron microscope (SEM) was used to analyze the
bacterial surfaces of WT L. plantarum CRL1506 (L. plantarum
WT) and L. plantarum 1dltD. For this purpose, the bacteria were
cultured for 16 h at 37◦C in MRS broth and then centrifuged
(6,000 × g for 5 min at 5◦C), and the pellets were diluted
10-fold with phosphate buffered saline (PBS). Samples were
dropped into membrane filter polycarbonate of 0.2 µm× 13 mm

TABLE 1 | Sequence of the primers used in this study.

Primer number Sequence

No. 65 GGACGTTAACCTGTTTGATGAAGGA

No. 66 CCATCCTTTGCTTGATAGTGTAACTCTAC

No. 67 ACACGGTACCGGGTTCCGTCCAACTTTTATTGGAA

No. 98 CATCATCCAGCGCCTCGTTGGCTGACAAGG

No. 99 CCTTGTCAGCCAACGAGGCGCTGGATGATG

No. 100 CACAGAGCTCGCCCGCAATTCCAAAACGTG

No. 129 GATGCATTGGATCAAATCGTG

(ADVANTEC), and the bacterial cells were placed on the filter
using suction filtration. These filters were allowed to stand in 2%
glutaraldehyde for 1 h at room temperature to fix the cells. The
samples were observed by SEM.

Western blot analysis and high-performance liquid
chromatography (HPLC) were performed to analyze LTA
in L. plantarum WT and L. plantarum 1dltD. The collection of
cell walls was performed according to the method described by
Hirose et al. (15). The overnight cultures of WT and 1dltD in
MRS medium were added to fresh MRS medium and cultured at
37◦C for 5 h (middle of log phase). The cultures were centrifuged
at 6,000 × g for 5 min. PBS wash was performed twice, and
the pellets were resuspended by PBS. Then, bacterial cells were
disrupted by Micro SmashTM MS-100R (Tomy Seiko Co., Ltd.,
Japan) (4,500 rpm for 3 min on ice). The recovered liquid was
centrifuged at 5,000 rpm for 20 min at 4◦C, and the supernatant
was centrifuged again at 40,000 rpm for 20 min at 4◦C. These
pellets were freeze dried. For Western blot analysis, anti-LTA
antibody (Ab), Mouse Lipoteichoic Acid Monoclonal Antibody
(GeneTex, Inc., United States) was used as primary Ab (1:500)
for 16 h at 4◦C and Alkaline Phosphatase AffiniPure Goat Anti-
Mouse IgG (H + L) (Jackson ImmunoResearch Laboratories,
Inc., United States) was used as secondary Ab (1:20,000) for 1 h
at room temperature. The ECF reaction was performed for 5 min
by using ECF Substrate for Western blotting (GE HealthCare,
Inc., United States). For HPLC, acid hydrolysis of the samples
was performed by the method described Hirose et al. (15). The
samples were diluted in 6N hydrochloric acid (HCl) at 100◦C
for 15 h and were neutralized, added to equal volume of 75%
(vol/vol) EtOH. These samples were loaded to HPLC in order
to measure the concentration of alanine, glutamic acid, and
diaminopimelic acid.

Porcine Intestinal Epithelial Cells
The PIE cell line was originally derived from intestinal epithelia
isolated from an unsuckled neonatal swine (16). PIE cells
are intestinal non-transformed cultured cells that assume a
monolayer with a cobblestone and epithelial-like morphology
and with close contact between cells during culture (16–18). PIE
cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen Corporation, Carlsbad, CA) supplemented
with 10% fetal calf serum (FCS), 100 mg/mL streptomycin and
100 U/mL penicillin at 37◦C in an atmosphere of 5% CO2
(9, 10, 18, 19).

Immunomodulatory Effect of Lactobacilli
in Porcine Intestinal Epithelial Cells
The study of the immunomodulatory capacity of L. plantarum
WT and L. plantarum 1dltD was performed in PIE cells as
described previously (9, 10). PIE cells were seeded at 3 × 104

cells per well in 12-well type I collagen-coated plates (Sumitomo
Bakelite Co., Tokyo, Japan) and cultured for 3 days. After
changing medium, lactobacilli (5× 108 cells/ml) were added, and
48 h later, each well was washed vigorously with medium at least
three times to eliminate all stimulants. Then, cells were stimulated
with poly(I:C) (60 µg/ml) for 12 h for RT-PCR studies.
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FIGURE 1 | Development of a D-alanyl-lipoteichoic acid biosynthesis protein (dltD) mutant from Lactobacillus plantarum CRL1506. (A) Summary of the strategy
used for the development of L. plantarum 1dltD by double-crossover. Primer sequences are listed in Table 1. (B) Confirmation of the deletion of 27 bp in the dltD
gene by PCR analysis. (C) Growth curve and (D) electron microscope analysis of wild-type (WT) and 1dltD mutant from Lactobacillus rhamnosus CRL1506.

Quantitative Expression Analysis by
Two-Step Real-Time Quantitative PCR
Two-step real-time quantitative PCR (qPCR) was performed
to characterize the expression of selected genes in PIE cells
as described previously (9). TRIzol reagent (Invitrogen) was
used for total RNA isolation from each PIE cell sample, and
Quantitect reverse transcription (RT) kit (Qiagen, Tokyo, Japan)
was used for the synthesis of all cDNAs according to the
manufacturer’s recommendations. qPCR was carried out using
a 7300 real-time PCR system (Applied Biosystems, Warrington,
United Kingdom) and the Platinum SYBR green qPCR SuperMix
uracil-DNA glycosylase (UDG) with 6-carboxyl-X-rhodamine
(ROX) (Invitrogen). The primers used in this study were
described before (9, 10, 20). The PCR cycling conditions were
2 min at 50◦C, followed by 2 min at 95◦C, and then 40 cycles
of 15 s at 95◦C, 30 s at 60◦C, and 30 s at 72◦C. The reaction
mixtures contained 5 µl of sample cDNA and 15 µl of master mix,
which included the sense and antisense primers. According to the
minimum information for publication of quantitative real-time
PCR experiments guidelines, β-actin was used as a housekeeping

gene because of its high stability across porcine various tissues
(17, 20, 21). Expression of β-actin was used to normalize cDNA
levels for differences in total cDNA levels in the samples.

Animals, Feeding Procedures, and
Poly(I:C) Challenge
Male 6-week-old BALB/c mice were obtained from the closed
colony kept at CERELA-CONICET (Tucuman, Argentina).
Animals were housed in individual plastic cages in a controlled
atmosphere (22◦C± 2◦C temperature, 55%± 2% humidity) with
a 12-h light/dark cycle. L. plantarum WT and L. plantarum 1dltD
were orally administered to different groups of mice for five
consecutive days at a dose of 108 cells/mouse/day in a controlled
volume of the drinking water supplemented with non-fat milk
(10%) to ensure the complete consumption of the viable bacteria
(22, 23). The treated groups and the untreated control mice were
fed a conventional balanced diet ad libitum. Mice were challenged
by the intraperitoneal route with 100 µl of PBS containing 30 µg
poly(I:C) according to our previous publication (11). Biochemical
markers of injury as well as intestinal cytokine concentrations
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were evaluated 2 days after poly(I:C) administration as described
below. All experiments were carried out in compliance with the
Guide for Care and Use of Laboratory Animals and approved by
the Ethical Committee of Animal Care at CERELA, Argentina
(protocol number BIOT-CRL/14) (11).

Biochemical Markers of Injury
Lactate dehydrogenase (LDH) and aspartate aminotransferase
(AST) activities were determined in the serum to evaluate general
toxicity of poly(I:C) in mice challenged by the intraperitoneal
injection. Blood samples were obtained through cardiac puncture
under anesthesia. LDH and AST activities, expressed as units per
liter of serum, were determined by measuring the formation of
the reduced form of nicotinamide adenine dinucleotide (NAD)
using the Wiener reagents and procedures (Wiener Lab, Buenos
Aires, Argentina) (11).

Cytokine Concentrations
Serum samples were obtained as described before. Intestinal fluid
samples were obtained according to our previous publication
(11). Briefly, the small intestine was flushed with 5 ml of PBS and
the fluid was centrifuged (10,000? × g, 4◦C 10?min) to separate
particulate material. The supernatant was kept frozen until use.

Tumor necrosis factor (TNF)-α, IL-6, IL-10, IL-15,
IFN-β, and IFN-γ concentrations in serum and intestinal
fluid samples were measured with commercially available
enzyme-linked immunosorbent assay (ELISA) technique kits
following the manufacturer’s recommendations (R&D Systems,
MN, United States).

Total and Differential Blood Leukocyte
Counts
The total number of leukocytes was determined with a
hemocytometer. Differential cell counts were performed by
counting 200 cells in blood smears stained with May Grünwald
Giemsa stain using a light microscope (1,000×), and absolute cell
numbers were calculated (24).

Intestinal Intraepithelial Lymphocytes
Intraepithelial lymphocytes were isolated according to our
previous publication (11). Briefly, Peyer’s patches were excised;
the small intestine was opened longitudinally and cut into 5-
mm-long pieces. Samples were washed twice in PBS containing
150 µg/ml streptomycin and 120 U/ml penicillin. The pieces
were then stirred at 37◦C in prewarmed RPMI 1640 containing
150 µg/ml streptomycin, 120 U/ml penicillin, and 5% FCS for
30 min, followed by vigorous shaking for 40 s. This process
was repeated, and the supernatants were passed through a
small cotton-glass wool column to remove cell debris and
were then separated on a Percoll density gradient (Amersham
Biosciences). A discontinuous density gradient (40% and 70%)
was used. The cells that layered between the 40% and 70%
fractions were collected as IELs. These IELs contained >90%
CD3+ cells, as determined by fluorescence-activated cell sorting
(FACS) analysis.

Cellular phenotypes in IEL populations were analyzed
by flow cytometry using fluorescein isothiocyanate (FITC)-
conjugated anti-CD3 and phycoerythrin (PE)-conjugated anti-
NK1.1 (PK136) and anti-CD8α (CTCD8b) (R&D Systems). Anti-
NKG2D (CX5) was purchased from eBioscience (San Diego,
CA, United States). To prevent non-specific binding, respective
isotype Abs were used as controls. Images of labeled cells
were acquired on a BD FACSCaliburTM flow cytometer (BD
Biosciences) and analyzed with FlowJo software (TreeStar).

Statistical Analysis
Experiments were performed in triplicate, and results were
expressed as mean ± standard deviation (SD). After verification
of the normal distribution of data, two-way ANOVA was used.
Tukey’s test (for pairwise comparisons of the means) was used
to test for differences between the groups. Differences were
considered significant at P < 0.05 or P < 0.01.

RESULTS

Development of L. plantarum 1dltD
Lactobacillus plantarum 1dltD was produced by double-
crossover (Figure 1A), and the deletion of 27-bp in the dltD
gene was confirmed by PCR analysis (Figure 1B) and sequencing
(data not shown). It has been reported that LTA mutations
in lactobacilli can lead to modifications on growth, cell wall
organization, cell morphology, or cell division. The 1dltD
mutant from Lactobacillus rhamnosus GG had defects in septum
formation and an increased cell length (25), while the 1dltD
mutant from L. plantarum WCFS1 showed increased autolysis,
defects in cell separation, and enhanced cell length (26). Then,
the ability of the mutant strain L. plantarum 1dltD to grow in
MRS medium as well as its surface and shape characteristics were
evaluated by comparing it with the WT L. plantarum CRL1506.
As shown in Figures 1C,D, the deletion of 27 bp in the dltD
gene did not affect the ability of L. plantarum 1dltD to grow
neither altered its shape or surface characteristics when compared
to L. plantarum WT. Those results are in line with the findings
of (27) that showed that the 1dltD mutant from L. acidophilus
NCFM had no growth or morphological defects.

In addition, LTA in WT and 1dltD strains was analyzed by
Western blot and HPLC. A reduction in LTA content (Figure 2A)
as well as a decrease in the Ala/Glu ratio (Figure 2B) were found
in L. plantarum 1dltD when compared with the WT strain.

Effect of L. plantarum1dltD in Toll-Like
Receptor 3-Challenged Porcine
Intestinal Epithelial Cells
In order to evaluate whether the alteration of the LTA
in L. plantarum CRL1506 induced modifications on its
immunomodulatory activities, we first studied in vitro its ability
to functionally modulate immune factor expression in PIE cells
after the activation of TLR3. For this purpose, PIE cells were
treated with L. plantarum1dltD or L. plantarum WT and then
challenged with the TLR3 agonist poly(I:C). The expressions of
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FIGURE 2 | Development of a D-alanyl-lipoteichoic acid biosynthesis protein (dltD) mutant from Lactobacillus plantarum CRL1506. Analysis of lipoteichoic acid (LTA)
by (A) Western blot and (B) high-performance liquid chromatography (HPLC) (Ala/Glu ratio) in wild-type (WT) and 1dltD mutant from Lactobacillus rhamnosus
CRL1506.

IFN-β, IL-6, and CCL2 were evaluated by qPCR (Figure 3). As it
was described previously (9, 10), the treatment of PIE cells with
L. plantarum WT significantly increased the expression of IFN-
β, while a decrease in the mRNA levels of IL-6 and CCL2 was
observed. No differences between 1dltD and WT strains were
found when the expression of IFN-β was compared. However,
the expression of both IL-6 and CCL2 were significantly higher
in 1dltD-treated PIE cells when compared to those stimulated
with L. plantarum WT (Figure 3).

Effect of L. plantarum1dltD in Toll-Like
Receptor 3-Induced Inflammatory
Damage in Mice
Taking into consideration that the in vitro studies suggested
that the alteration of LTA in L. plantarum CRL1506 would
also alter its anti-inflammatory properties, we next aimed to
evaluate whether L. plantarum1dltD was able to modulate
the intestinal inflammatory response and protect against the
damage induced by TLR3 activation by using an in vivo model.
Then, different groups of mice were fed L. plantarum1dltD
or L. plantarum WT and then challenged with the TLR3
agonist poly(I:C) as described in Materials and Methods. We
evaluated body weight loss and the biochemical markers LDH
and AST in serum to study the general health status of mice
after poly(I:C) administration (Figure 4). As it was reported
previously (11), poly(I:C) challenge significantly decreased the
body weight gain and increased the levels of serum LDH and
AST. Mice treated with L. plantarum WT showed reduced levels
of injury biochemical markers and improved body weight gain
when compared to control mice (Figure 4). On the other hand,
mice treated with L. plantarum1dltD showed levels of serum
LDH that were not different from those observed in the control
group. In addition, the mutant strain was able to reduce the
alteration of body weight gain and the levels of serum AST, but

its effect was significantly lower when compared to L. plantarum
WT (Figure 4).

Total and differential blood leukocyte counts were also
evaluated to study the systemic inflammatory response.
Challenge with poly(I:C) significantly increased the number of
leukocytes and neutrophils in blood. However, the numbers
of neutrophils were lower in L. plantarum WT-treated mice
when compared to the L. plantarum1dltD and control
groups (Figure 5).

Effect of L. plantarum1dltD on the
Innate Immune Response Induced by
Toll-Like Receptor 3
The intraperitoneal administration of poly(I:C) significantly
increased the levels of pro-inflammatory cytokines in
the intestine (Figure 6) and serum (Figure 7). Both
L. plantarum1dltD and L. plantarum WT were able to
improve the production of the antiviral factors IFN-β and
IFN-γ in the intestine and serum when compared to control
mice and with no differences between lactobacilli. As reported
previously (11), L. plantarum WT significantly reduced the
concentrations of TNF-α, IL-6, and IL-15 in intestinal fluid
(Figure 6) and serum (Figure 7). L. plantarum1dltD was as
effective as the WT strain to diminish the concentrations of
serum TNF-α (Figure 7). In addition, L. plantarum1dltD
was able to reduce the levels of intestinal IL-15, but it
was not efficient as the WT strain (Figure 6). The levels
of intestinal TNF-α and IL-6 (Figure 6) as well as serum
IL-6 and IL-15 (Figure 7) in 1dltD-treated mice were not
different from controls.

Only L. plantarum WT treatment was able to significantly
increase the levels of intestinal and serum IL-10, while the
concentrations of this regulatory cytokine in L. plantarum1dltD-
treated mice were not different from controls (Figures 6, 7).
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FIGURE 3 | Effect of a D-alanyl-lipoteichoic acid biosynthesis protein (dltD) mutant from Lactobacillus plantarum CRL1506 on innate antiviral immune response
triggered by Toll-like receptor 3 (TLR3) activation in porcine intestinal epithelial (PIE) cells. Expression of interferon (IFN)-β, interleukin (IL)-6, and monocyte
chemoattractant protein (MCP)-1/CCL2 genes in PIE cells treated with wild-type (WT) or 1dltD mutant from Lactobacillus rhamnosus CRL1506 and challenged with
the viral molecular associated pattern poly(I:C). PIE cells with no lactobacilli treatment and stimulated with poly(I:C) were used as controls. The results represent data
from three independent experiments. Significant differences when compared to the control group: *P < 0.05, **P < 0.01. Significant differences when compared to
the indicated group: †P < 0.05, ††P < 0.01.

FIGURE 4 | Effect of a D-alanyl-lipoteichoic acid biosynthesis protein (dltD) mutant from Lactobacillus plantarum CRL1506 on the inflammatory damage induced by
Toll-like receptor 3 (TLR3) activation in mice intestine. Body weight loss and serum biochemical markers lactate dehydrogenase (LDH) and aspartate
aminotransferase (AST) in mice orally treated with wild-type (WT) or 1dltD mutant from L. rhamnosus CRL1506 and challenged with an intraperitoneal injection of the
viral molecular associated pattern poly(I:C). Mice with no lactobacilli treatment and challenged with poly(I:C) were used as controls. The results represent data from
three independent experiments. Significant differences when compared to the control group: *P < 0.05, **P < 0.01. Significant differences when compared to the
indicated group: †P < 0.05.

FIGURE 5 | Effect of a D-alanyl-lipoteichoic acid biosynthesis protein (dltD) mutant from Lactobacillus plantarum CRL1506 on the inflammatory response induced by
Toll-like receptor 3 (TLR3) activation in mice intestine. Blood leukocyte and neutrophil counts in mice orally treated with wild-type (WT) or 1dltD mutant from
Lactobacillus rhamnosus CRL1506 and challenged with an intraperitoneal injection of the viral molecular associated pattern poly(I:C). Mice with no lactobacilli
treatment and challenged with poly(I:C) were used as controls. The results represent data from three independent experiments. Significant differences when
compared to the control group: *P < 0.05.
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FIGURE 6 | Effect of a D-alanyl-lipoteichoic acid biosynthesis protein (dltD) mutant from Lactobacillus plantarum CRL1506 on the innate antiviral immune response
triggered by Toll-like receptor 3 (TLR3) activation in mice intestine. Levels of intestinal interferon (IFN)-β, IFN-γ, interleukin (IL)-10, tumor necrosis factor (TNF)-α, IL-6,
and IL-15 in mice orally treated with wild-type (WT) or 1dltD mutant from Lactobacillus rhamnosus CRL1506 and challenged with an intraperitoneal injection of the
viral molecular associated pattern poly(I:C). Mice with no lactobacilli treatment and challenged with poly(I:C) were used as controls. The results represent data from
three independent experiments. Significant differences when compared to the control group: *P < 0.05, **P < 0.01. Significant differences when compared to the
indicated group: †P < 0.05.

Finally, we assessed the changes in the populations of intestinal
IELs in mice challenged with the TLR3 agonist poly(I:C).
For this purpose, we studied variations in CD3+NK1.1+ and
CD3+CD8αα+ populations as well as NKG2D expression within
IELs by flow cytometry. Poly(I:C) administration induced an
increase in all these three parameters evaluated (Figure 8).
L. plantarum WT-treated mice showed significantly decreased
numbers of intestinal CD3+NK1.1+ and CD3+CD8αα+ cells
and NKG2D expression when compared to controls. On the
contrary, the treatment of mice with L. plantarum1dltD was not
able to reduce the numbers of CD3+CD8αα+ cells (Figure 8).
The 1dltD strain reduced the numbers of CD3+NK1.1+
cells and the expression of NKG2D, but those parameters
were significantly higher than those observed in WT-treated
mice (Figure 8). We also evaluated the expression of the
NKG2D ligand RAE1 by qPCR. TLR3 activation increased
the expression of RAE1 in all the experimental groups
(Figure 8). Both L. plantarum1dltD and L. plantarum WT
were able to reduce RAE1 expression in the intestinal tissue
of mice; however, the levels of expression in WT-treated mice
were significantly lower than those observed in 1dltD-treated
animals (Figure 8).

DISCUSSION

Research from the last decade investigating the immunobiotic
effector molecules has demonstrated that each individual
immunobiotic strain has a characteristic set of molecules, which
are responsible of its interaction with the host’s immune receptors
(28–30). Surface molecules of immunobiotic microorganisms,
including exopolysaccharides, cell wall peptidoglycan, and LTA,
have been frequently associated with their immunomodulatory
effects (28, 29, 31, 32). In this regard, several reports have
emphasized the importance of LTA in the immunomodulatory
properties of some probiotic lactobacilli.

A 1dltD mutant from L. plantarum WCFS1, affected in the
LTA biosynthesis pathway, was found to incorporate much less
D-Ala in its LTA than the WT strain (33). The D-Ala content
defect in the LTA significantly altered the immunomodulatory
ability of the 1dltD mutant from WCFS1 strain. The mutant
showed a higher anti-inflammatory activity when compared to
the parental strain in both in vitro and in vivo studies. The
1dltD mutant from L. plantarum WCFS1 was more efficient
than the WT strain to improve IL-10 production and reduce
TNF-α, IL-12, and IFN-γ in human PBMCs and monocytes.
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FIGURE 7 | Effect of a D-alanyl-lipoteichoic acid biosynthesis protein (dltD) mutant from Lactobacillus plantarum CRL1506 on the innate antiviral immune response
triggered by Toll-like receptor 3 (TLR3) activation in mice intestine. Levels of serum interferon (IFN)-β, IFN-γ, interleukin (IL)-10, tumor necrosis factor (TNF)-α, IL-6,
and IL-15 in mice orally treated with wild-type (WT) or 1dltD mutant from Lactobacillus rhamnosus CRL1506 and challenged with an intraperitoneal injection of the
viral molecular associated pattern poly(I:C). Mice with no lactobacilli treatment and challenged with poly(I:C) were used as controls. The results represent data from
three independent experiments. Significant differences when compared to the control group: *P < 0.05.

In addition, the treatment of mice with the 1dltD mutant
from L. plantarum WCFS1 significantly reduced the percentage
of mice displaying diarrhea after trinitrobenzene sulfonic acid
(TNBS) administration when compared with animals receiving
the L. plantarum WT strain (33). Other reports provided similar
results for L. acidophilus NCFM (27) and L. rhamnosus GG
(34) in which LTA mutant strains improved the production
of anti-inflammatory cytokines in immune cells and reduced
the severity of dextran sulfate sodium (DSS)-induced colitis in
mice. Those results indicated that LTA from some lactobacilli
strains have immune stimulatory effects. In line with this
assumption, it was demonstrated that LTA from L. fermentum
YIT0159 and L. casei YIT9029 induces TNF-α expression in
macrophages (35).

In contrast to the pro-inflammatory properties of lactobacilli
LTA, others works reported that those molecules have anti-
inflammatory activities in some Lactobacillus strains. The LTA
from L. plantarum K8 was a weaker inducer of nitric oxide
(NO) and TNF-α in macrophages when compared with the
LTA from Bacillus subtilis or Staphylococcus aureus (36). The
LTA from the K8 strain was able to act as an antagonist
in the induction of TNF-α by monocytes challenged with

lipopolysaccharide (LPS) (37), peptidoglycan of Shigella flexneri
(38), or LTA from S. aureus (39). Moreover, the purified LTA
from L. plantarum K8 differentially modulated the response
of human keratinocytes to the stimulation with TNF-α or
IFN-γ (40). LTA-treated keratinocytes had a significantly
reduced activation of TNF-α/p65/p38 and IFN-γ/STAT1/2/JAK2
pathways with a subsequent reduced expression of inflammatory
factors such as the complement protein C3. It was also
described that the LTA from L. plantarum K8 had the
ability to regulate the TLR2-triggered inflammatory response
in intestinal epithelial cells (IECs). Caco-2 cells treated with
L. plantarum K8 LTA and then challenged with the TLR2
agonist Pam2CSK4 showed significantly lower expression of IL-
8 when compared to control cells (41). In vivo studies also
support the anti-inflammatory activities of LTA from lactobacilli.
L. casei BL23 had been shown to exert beneficial effects in
the DSS-induced murine model of ulcerative colitis, and it was
reported that the 1dltD mutant from the BL23 strain was
unable to protect against the inflammatory damage induced
by DSS (42).

These contrasting results could be explained by the chemical
and structural differences of LTA molecules. Chemical and
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FIGURE 8 | Effect of a D-alanyl-lipoteichoic acid biosynthesis protein (dltD) mutant from Lactobacillus plantarum CRL1506 on the innate antiviral immune response
triggered by Toll-like receptor 3 (TLR3) activation in mice intestine. Numbers of CD3+NK1.1+ and CD3+CD8αα+ intraepithelial lymphocytes (IELs), expression of
NKG2D on IELs, and expression of intestinal RAE1 gene in mice orally treated with wild-type (WT) or 1dltD mutant from Lactobacillus rhamnosus CRL1506 and
challenged with an intraperitoneal injection of the viral molecular associated pattern poly(I:C). Mice with no lactobacilli treatment and challenged with poly(I:C) were
used as controls. The results represent data from three independent experiments. Significant differences when compared to the control group: *P < 0.05,
**P < 0.01. Significant differences when compared to the indicated group: †P < 0.05.

molecular studies of LTA highlighted the variety in their structure
by means of the number of acyl chains and the degree of
saturation in the lipid chain as well as the D-ala or sugars
substitutions on the Gro-P chains (43) that could explain their
differential immunomodulatory effects. In addition, it should
be considered that the immunomodulatory activities of LTA
derived from lactobacilli have been studied in different contexts
of cytokine- or bacteria-induced inflammatory responses, adding
additional complexity to the interpretations. Of note, the
potential beneficial effect of LTA from lactobacilli in the context
of viral infection or viral pattern recognition receptors-mediated
inflammation has not been explored in depth.

In an interesting study performed by Kim et al. (44), it
was demonstrated that the LTA isolated from L. plantarum K8
was able to regulate mitogen-activated protein kinase (MAPK)
phosphorylation and nuclear factor (NF)-κB activation and
reduce IL-8 production in IPEC-J2 cells in response to the
challenge with the TLR3 agonist poly(I:C). The work also
demonstrated that LTA isolated from other lactobacilli strains
including L. delbrueckii, L. sakei, and L. rhamnosus GG did
not have the ability to differentially modulate IL-8 secretion

in poly(I:C)-challenged IECs. Moreover, comparative studies
evaluating the immunomodulatory potential of naive LTA and
dealanylated LTA from L. plantarum K8 clearly showed that
the dealanylated LTA failed to inhibit IL-8 secretion in IECs
after the activation of TLR3. In line with these previous results,
we demonstrated in this work that the LTA is involved in
the ability of the immunobiotic strain L. plantarum CRL1506
to reduce the expression of pro-inflammatory factors in IECs
challenged with poly(I:C). Previously, we demonstrated that PIE
cells are able to upregulate the expression of several inflammatory
factors including TNF-α, IL-6 (9, 10), IL-1β, IL-15, and the
chemokines CCL4, CXCL2, CXCL5, CCL8, CXCL10, and CCL5
(9) in response to poly(I:C) challenge. We also reported that
PIE cells treated with L. plantarum CRL1506 prior to TLR3
activation had a reduced expression of inflammatory cytokines
and chemokines (9, 10). Here, by using the expression of IL-
6 and CCL2 as markers of inflammation, we demonstrated
that the alteration in the incorporation of D-ala in the LTA
molecule of L. plantarum CRL1506 significantly diminished the
ability of the immunobiotic strain to modulate inflammatory
factor expression.
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Moreover, this work is the first in demonstrating in an
in vivo model the role of LTA from an immunobiotic
strain in the beneficial modulation of the intestinal innate
antiviral immune response triggered by TLR3 activation. We
demonstrated previously that L. plantarum CRL1506 reduced the
TLR3-induced small intestinal injury in mice by regulating the
production of pro-inflammatory cytokines and the interaction
of IECs with IELs (11) (Figure 9). Cell–cell interaction between
IECs and IELs is essential as a first line of defense against
viruses (45–47). In the context of viral infection, the cell death
program of IECs is regulated by their upregulation in the
expression of IL-15, which is a cytokine capable of stimulating
the activation of CD3+NK1.1+ IELs and inducing perforin-
mediated killing of virus-infected epithelial cells (46). The
activation of TLR3 in the intestinal tract of mice enhances
the expression of RAE1 in IECs, allowing their destruction
by interacting with NKG2D expressed on CD3+NK1.1+ IELs
(48). This mechanism of small intestinal injury that induces
villous atrophy and mucosal erosion (49) is particularly
relevant for rotavirus infection since it was reported that
treatment of mice with poly(I:C) or purified dsRNA from
rotavirus increased intestinal injury in a CD8αα+NKG2D+-

and RAE1-dependent manner (48, 49). In fact, blockade of
RAE1-NKG2D interaction avoids the cytotoxic effect of IELs
on IECs and prevents acute small intestinal injury in mice
challenged with rotavirus genomic dsRNA (48). Of interest, the
oral administration of L. plantarum CRL1506 to mice prior
the intraperitoneal challenge with poly(I:C) significantly reduced
the inflammatory-mediated intestinal tissue damage through the
downregulation of TNF-α, IL-1β, and IL-8, particularly IL-15
and RAE1, and the reduction of the numbers and activation
(NKG2D+ expression) of CD3+NK1.1+CD8αα+ cells (11).
Here, we observed that L. plantarum1dltD had a reduced
capacity for the protection of mice against the TLR3-mediated
inflammatory damage as demonstrated by the analysis of body
weight loss and serum markers of damage. Moreover, we
observed that the 1dltD mutant from L. plantarum CRL1506
was inefficient for reducing the expression of IL-15 and RAE1
in IECs or the expression of NKG2D in IELs (Figure 9),
indicating that the LTA from this immunobiotic strain is
the main molecule involved in their ability to regulate IL-
15/RAE1/NKG2D death pathway.

It was reported that the expression of NKG2D ligands such as
RAE1 on IECs is strongly modulated by the intestinal microbiota.

FIGURE 9 | Role of lipoteichoic acid in the beneficial effects Lactobacillus plantarum CRL1506 on the innate antiviral immune response triggered by Toll-like receptor
3 (TLR3) activation in the intestine.
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Studies in germ-free mice and ampicillin-treated mice lacking
gut commensal microbiota demonstrated that the absence of
microbial stimuli significantly upregulates the expression of
NKG2D ligands in IECs (50). Then, taking into consideration
the results of this work, it is tempting to speculate that LTA
would be at least one of the molecules used by the gut
microbiota to regulate the innate antiviral immune response
in the intestinal tract. In support of this assumption, it was
shown that gut commensal bacteria help in the establishment of
a regulatory milieu in the intestinal mucosa by increasing the
expression of IL-10 and TGF-β, which diminish the expression
of NKG2D ligands on the surface of IECs (51, 52). Of note,
L. plantarum CRL1506 is able to improve the intestinal levels
of IL-10 in poly(I:C)-challenged mice, while the 1dltD mutant
from CRL1506 strain was inefficient for inducing this effect.
The molecular mechanisms and specific importance of LTA
from microbiota and immunobiotic strains in the protection
against viral inflammatory-mediated intestinal damage require
further research.

Interestingly, although the L. plantarum CRL1506 1dltD
was less efficient in regulating the TLR3-mediated inflammatory
response in both in vitro and in vivo experiments, the mutant
strain was as efficient as the WT to improve the levels of IFN-
β in the intestine. It was reported that the LTA of probiotic
bacteria mediates its immunomodulatory activities in a TLR2-
dependent manner (33, 37, 39). Our previous studies evaluating
the interaction of L. plantarum CRL1506 with IECs demonstrated
that TLR2 is involved in the ability of the strain to differentially
modulate cytokines in response to TLR3 activation (10). The
use of anti-TLR2 Abs inhibited the ability of the CRL1506
strain to modulate TNF-α and IL-6 transcripts in PIE cells.
However, when blocking anti-TLR2 Abs were used to evaluate
the influence of L. plantarum CRL1506 on the production of
IFN-β in PIE cells, it was evident that this receptor was not
involved in the modulation of this antiviral factor (10). Those
previous findings and the results presented here indicate that
TLR2 should be linked to the effect of biologically active LTA
on IECs, but that other host receptors and microbial molecules
might also be involved in L. plantarum CRL1506 recognition
by the intestinal epithelium, and in its beneficial influence on
intestinal innate antiviral immune response. In addition, our
results demonstrated that L. plantarum CRL1506 1dltD was
as effective as the WT to reduce the serum levels of AST
and TNF-α and improve serum IFN-γ in poly(I:C)-challenged
mice. It have been proposed that the systemic effects of orally
administered probiotics are mediated mainly by the interaction
of these beneficial microbes with innate immune cells such
as macrophages. In the analyses of the profiles of cytokines
induced by probiotic lactobacilli, it was observed that changes
in serum cytokines reflected their production by intestinal and
peritoneal macrophages (53, 54). Therefore, it is tempting to
speculate that both 1dltD and WT strains from L. plantarum
CRL1506 would have the same capacity to modulate macrophage
activity and that the TRL2-LTA interaction would not be involved
in such modulation. More detailed experiments evaluating the
interaction of both 1dltD and WT strains with macrophages
would be of great importance to improve our understanding

of the role of LTA in the immunomodulatory activity of
L. plantarum CRL1506.

In conclusion, although further studies are needed to
elucidate all the active bacterial components responsible for the
immunomodulatory capacities of L. plantarum CRL1506, the
results of this work indicate that LTA is an important molecule
involved in the immunobiotic effects induced by this strain in the
intestinal innate antiviral immune response triggered by TLR3
activation. In line with previous studies (27, 33, 34), our results
also indicate that the use of immunobiotic mutants carrying
directed mutations could help to improve the understanding
of the molecular interactions of immunobiotics with the
host immune system and how that interaction beneficially
modulates the innate antiviral immune response. This study
is an important step toward insights in the mode of action
of immunobiotics and their influence in the protection against
viral-mediated inflammation.
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1Cell Biology and Immunology Group, Department of Animal Sciences, Wageningen University and Research, Wageningen,

Netherlands, 2Host-Microbe Interactomics Group, Department of Animal Sciences, Wageningen University and Research,

Wageningen, Netherlands, 3 Laboratory of Animal Products Chemistry, Graduate School of Agricultural Science, Tohoku

University, Sendai, Japan, 4 Livestock Immunology Unit, International Education and Research Center for Food Agricultural

Immunology, Graduate School of Agricultural Science, Tohoku University, Sendai, Japan, 5 South Product Co., Ltd.,

Uruma, Japan

Fucoidan represents fucose-rich sulfated polysaccharides derived from brown

seaweeds, which exerts various biological activities applicable for functional foods and

therapeutic agents. The objective of the present study was to investigate in vivo effects of

fucoidan extracted from Okinawa mozuku (Cladosiphon okamuranus), common edible

seaweed in Japan, on immune responses and microbiota composition in zebrafish. We

treated larvae and adult zebrafish with Okinawa mozuku (OM) fucoidan by immersion

(100 and 500µg/mL, 3 days) and by feeding (3 weeks), respectively. The effect of

OM fucoidan on immune responses in zebrafish larvae was evaluated by live imaging

of neutrophils and macrophages as well as quantitative polymerase chain reaction

of pro- and anti-inflammatory cytokine genes. Whole microbiota of zebrafish larvae

and intestinal microbiota of adult zebrafish treated with OM fucoidan were analyzed

by Illumina MiSeq pair-end sequencing of the V3–V4 region of 16S rRNA genes.

Fucoidan treatment only slightly affected the composition of the larvae microbiota and the

number of neutrophils andmacrophages, while pro- and anti-inflammatory cytokine gene

expression levels were upregulated in the larvae treated with 500µg/mL OM fucoidan.

In contrast, feeding of OM fucoidan clearly altered the intestinal microbiota composition

of adult zebrafish, which was characterized by the emergence and predominance of

multiple bacterial operational taxonomic units (OTUs) affiliated with Rhizobiaceae and

Comamonadaceae at the expense of E. coli-related Enterobacteriaceae, the dominant

OTUs throughout the studied samples. These changes were accompanied by decreased

expression levels of pro-inflammatory cytokine il1b in the intestines of the adult zebrafish.

Our current study provides the first insights into in vivo modulatory effects of fucoidan

on microbiota and immune responses of unchallenged zebrafish, which underscores the

potential of fucoidan to play a modulatory role in the diet–microbiota–host interplay.
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INTRODUCTION

Fucoidan represents polysaccharides consisting of α-(1→3) or
α-(1→4) -linked L-fucose residues with sulfate substitutions,
which occasionally contain acetate, glucuronic acid, and
monosaccharides such as mannose and galactose (1). Fucoidan
from different algal origins has been reported to exhibit unique
properties such as antiinflammatory, antiallergic, antitumor, or
antiviral effects (2, 3) and is therefore recognized as a prospective
ingredient for functional foods and for therapeutic agents (3, 4).
Although beneficial effects of fucoidan have been well-studied
and described, daily intake of fucoidan from brown seaweed is
still not common in Western countries. In Japan, daily seaweed
consumption can exceed ∼5 g/day (5) and the brown seaweed
mozuku represents one of the most common edible seaweeds,
which is usually consumed raw. Okinawa mozuku (Cladosiphon
okamuranus) is exclusively cultivated and used in the traditional
cuisine on the Okinawan Islands in Japan, a region that is
well-known for its high prevalence of centenarians and the
general healthy states of its elderly population (6). Fucoidan
extracted from Okinawa mozuku (OM fucoidan) has a simple
structure with a backbone of α-(1→3) fucopyranose, substituted
with sulfate and α-glucuronic acid at ∼50 and 17% of its
residues, respectively (7). Similar to what has been shown for
fucoidan derived from other origins, OM fucoidan has been
reported to exert antitumor and antiviral effects. In a murine
model, antitumor activity has been attributed to the fucoidan-
mediated stimulation of macrophages and natural killer cells
(8, 9), while antiviral activities seem to be more complex and
may involve both host–virus and virus–fucoidan interactions.
Previous studies have reported antiviral activities of OM fucoidan
against human T-cell leukemia virus type 1 (HTLV-1) (10, 11),
dengue virus type 2 (12), hepatitis C (13), Newcastle disease virus
(DSV) in poultry (14, 15), and canine distemper virus (CDV)
(16). Collectively, these studies support the high potential of OM
fucoidan as a therapeutic agent in viral infections.

Meanwhile, effects of OM fucoidan on the intestinal
microbiota remain poorly understood. Polysaccharides such as
fucoidan have a potential to not only mechanistically interfere
with host–microbiota interactions but also to serve as nutrition
for bacteria constituting the microbiota (17, 18). Since no
enzymes digesting fucoidan have been found in animal intestinal
tracts, fucoidan can reach the lower intestinal tract intact and
may confer beneficial effects on microbiota as prebiotics (19–
21). Importantly, some studies have suggested that bioactivities
of fucoidan may be attributable to its modulatory effects
on gut microbiota. A recent study has shown that fucoidan
from Undaria pinnatifida can affect host lipid metabolism by
modulating the gut microbiota composition (22), which may also
explain the effect of OM fucoidan to ameliorate dyslipidemia
in rodents (23). Other studies have reported that fucoidan
from sea cucumber (Acaudina molpadioides) and hijiki seaweed
(Sargassum fusiforme) can relieve symptoms of diabetes by
modulating gut microbiota (24, 25).

Considering possible interactions between microbiota and
host immune responses, it is crucial to evaluate host immunity
and microbiota simultaneously to elucidate the prebiotic

potential OM fucoidan (18). Zebrafish offer an ideal in vivo
model to investigate how fucoidan affects host immunity and
microbiota under normal (unchallenged) conditions because of
their compatibility with live visualization (26). Using a double-
transgenic zebrafish model combined with next-generation
sequencing of 16S rRNA genes, we have recently shown that
microbiota modulation by antibiotics can significantly affect host
inflammatory immune responses in zebrafish larvae immersed
in saponin (27). In this study, we exploited this approach to
investigate how OM fucoidan can affect immune response and
microbiota composition of zebrafish larvae. We also investigated
the effect of OM fucoidan on immune responses and intestinal
microbiota of adult zebrafish, which were fed with OM fucoidan
for 3 weeks.

MATERIALS AND METHODS

Ethics Statement
The present study was approved by the Dutch Committee
on Animal Welfare and the Animal Welfare Body (IvD) of
Wageningen University, The Netherlands. Furthermore, we
adhere to our standard biosecurity and institutional safety
procedures at Wageningen University and Research.

Zebrafish and Fucoidan
Tg (mpeg1:mCherry/mpx:eGFPi114) (28, 29) and wild-type
zebrafish were maintained in Zebtec family tanks (Tecniplast,
Buguggiate, Italy) under continuous flow-through at 28◦C
(14/10-h light/dark cycle) and fed daily with Tetramin Flakes
(Tetra, Melle, Germany). For the experiments using zebrafish
larvae, embryos were obtained from the adult transgenic
zebrafish by natural spawning and raised with embryo medium
(E3) water as described previously (27). OM fucoidan powder
(>95% pure fucoidan) extracted from C. okamuranus as
described previously (30) was provided by South Product Co.,
Ltd., Okinawa, Japan. The characteristics of this fucoidan were as
follows: average molecular weight of 49.8 kDa, L-fucose content
of 52.7%, uronic acid content of 18.0%, and sulfate ion content of
17.6%. TheOM fucoidan powder was stored at room temperature
until use. Fucoidan treatment of larvae and adult zebrafish
was performed as follows: the zebrafish larvae (3 days post
fertilization; dpf) were randomly distributed in six-well plates (n
= 8 fish/well) and kept in different concentrations (0, 100, and
500µg/mL of E3 water) of OM fucoidan (immersion) until 6
dpf. Ten adult zebrafish were maintained in two separate tanks
in a continuous flow and temperature-controlled (28◦C) system
and fed once daily with Tetramin Flakes (control group) or a
combination of the flakes and OM fucoidan at the ratio of 1:1
(fucoidan group) over 3 weeks.

In vivo Imaging of Neutrophils and
Macrophages in Zebrafish Larvae
Tg (mpeg1:mCherry/mpx:eGFPi114) zebrafish larvae were
anesthetized with MS-222 (tricaine methane sulfonate) solution
and embedded in 1% low melting point agarose (Thermo Fisher
Scientific, Waltham, MA, USA), as previously described (27).
Larvae were imaged as whole mounts with a Leica M205 FA
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Fluorescence Stereo Microscope. Neutrophils and macrophages
in the intestinal region of each specimen were quantified by
counting the total number of cells per defined area using the cell
counter plugin available in ImageJ R© software (31).

Relative Gene Expression by Quantitative
Polymerase Chain Reaction
Zebrafish were euthanized with MS-222 and the whole larvae
(five or six fish per 1.5-mL tube) were preserved in RNA laterTM

at −20◦C. Adult zebrafish were anesthetized with MS-222 and
intestines were isolated by dissection and were preserved in
RNA laterTM at −20◦C. Total RNA was isolated from larvae
or intestinal samples from adult zebrafish using the RNeasy R©

Micro Kit (QIAGEN, Venlo, The Netherlands) according to
the manufacturer’s instructions. After quantifying RNA by a
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), cDNA was generated from 1 µg of
RNA using SuperscriptTM III First Strand Synthesis Systems
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. The diluted cDNA corresponding to 125 ng of
RNA was used as a template for each reaction of quantitative
polymerase chain reaction (qPCR) using the ABsoluteTM qPCR
SYBR R© Green Mix (Thermo Fisher Scientific, Waltham, MA,
USA) as previously described (27). The sequences of the primer
used in this study can be found in Table S1. The amplification
data of each sample were normalized to the reference gene
elf1α and calculated using the Pfaffl quantification method with
efficiency correction (32), as described by Forlenza et al. (33).
The statistical significance of differences between the control and
fucoidan-treated groups was assessed by a one-way analysis of
variance (ANOVA) test using R version 3.5.3 (34) where <0.05
was regarded as significant.

16S rRNA-Based Analyses of Zebrafish
Microbiota
Zebrafish were euthanized with MS-222 and the whole larvae
(four fish per 1.5-mL tube) were washed with sterilized
phosphate-buffered saline and preserved at −20◦C. Adult
zebrafish were euthanized with MS-222 and the intestines were
isolated by dissection. The intestinal contents were preserved in
InhibitEX Buffer supplied in the QIAamp R© DNA Fast Stool Mini
Kit (QIAGEN, Venlo, The Netherlands) at −20◦C. Total DNA
was isolated from the whole larvae or intestines of adult zebrafish
using the QIAamp R© DNA Fast Stool Mini Kit according to the
manufacturer’s instructions. Pair-end sequencing was performed
using Illumina MiSeq (BaseClear, Leiden, The Netherlands)
using amplicons generated with the primer pair 341F−785R
that target the V3–V4 variable region of the 16S rRNA gene of
most bacteria (35). Raw Illumina sequencing reads were pair-
ended, end-trimmed, filtered, and clustered into operational
taxonomic units (OTUs) using the microbial genomic module
3.0 implemented in the CLC Bio Genomics Workbench v7.5.1
(Qiagen, Venlo, The Netherlands), 16S Microbiome Pipeline
in the EZBioCloud web server (36), or the MICCA pipeline
(37), for which OTU assignment was performed using the
SILVA ribosomal RNA reference database [release 128, 97%

similarity threshold, (38)], the EZBioCloud database (36), and
the Ribosomal Database Project (RDP) classifier [version 2.11,
97% identity threshold, (39)], respectively. After confirming
the reproducibility of the core microbiota composition of each
sample, OTU tables in BIOM format generated by the CLC Bio
Genomics Workbench was used for statistical analyses of the
diversity and richness (alpha- and beta-diversity) implemented

in MicrobiomeAnalyst© using the default filtering parameter
settings (40). Significantly different taxa between control and
fucoidan-treated group were identified by differential abundance
(DESeq2) analysis by R version 3.5.3 (34) and by Linear
Discriminant Analysis Effect Size (LEfSe) analysis implemented
with EZBioCloud (36, 41).

Statistical Analysis
The quantified data collected from the fluorescent in vivo
imaging of the zebrafish larvae and qPCR was analyzed using
Student’s t-test assuming unequal variation as well as one-way
analysis of variance (ANOVA) test using Microsoft Excel R© and
R version 3.5.3 (34), where <0.05 was regarded as significant.
The indices of α-diversity and β-diversity for comparing
compositional structure of microbiota of each larva and adult
zebrafish group were calculated on a species-level summarization
of the rarefied OTU tables generated as described in the
preceding text. Chao1 and Abundance-based Coverage Estimator
(ACE) as well as Shannon and Simpson indices were used to
measure the species-level community richness and species level
community evenness, respectively, and each index was calculated

using the online module of Microbiomeanalyst© (40). The plots
of β-diversity indicating dissimilarities between samples were
produced by principal coordinates analyses (PCoA) calculated
using the Bray–Curtis dissimilarity index implemented in

Microbiomeanalyst© (40).

RESULTS

Effect of OM Fucoidan on Innate Immunity
of Zebrafish Larvae
Zebrafish larvae (3−6 dpf) treated with OM fucoidan (0, 100,
and 500µg/mL of E3 water) by immersion showed normal
development without visible signs of damage relative to untreated
controls (data not shown). To investigate whether the treatment
with OM fucoidan affected cellular immunity of zebrafish
larvae, the numbers of neutrophils (mpx:GFP) and macrophages
(mpeg1:mCherry) in the intestinal area of the control and the
fucoidan-treated larvae were compared. There was no observable
difference between the live-imaged control and the fucoidan-
treated larvae (Figure 1A). The cell counts of neutrophils and
macrophages in fucoidan-treated zebrafish larvae tended to be
reduced compared to the control, but the difference was not
significant (P > 0.1, Figure 1B).

Using the same experimental setup, we performed qPCR
to measure the relative expression levels of selected genes
representing host immune cell responses in the fucoidan
(500µg/mL) -treated zebrafish larvae and the untreated control.
The relative gene expression levels of pro- (il1b, tnfa) and
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FIGURE 1 | Effect of OM fucoidan on lymphocyte recruitment to the intestinal region of zebrafish larvae. (A) Representative pictures of 6 dpf zebrafish larvae

(mpeg:mCherry, mpx:GFP) displaying neutrophils (green) and macrophages (red). F100, the zebrafish larvae treated with 100µg/mL OM fucoidan from 3 dpf for 3

days; F500, the zebrafish larvae treated with 500µg/mL OM fucoidan from 3 dpf for 3 days. (B) Quantification of neutrophils and macrophages in the intestinal area of

larval zebrafish. Control, no treatment (n = 14); F100, treated with 100µg/mL (n = 13); F500, treated with 500µg/mL (n = 17).

antiinflammatory (il10) cytokines as well as mmp9 were
moderately (1.7–2.2 fold) upregulated in the larvae treated with
500µg/mL of fucoidan (Figure 2A). No significant difference
was observed for cxcl-8a (Figure 2A) and gene transcripts for
il-17f, il-22, and tnfb were not detected in our samples (data
not shown).

Adult zebrafish fed with OM fucoidan for 3 weeks did

not show visible changes in fitness and behavior compared to
controls fed the Tetramin Flakes only (data not shown). Immune
responses of the adult zebrafish intestines were examined by
quantitative PCR using primers specific for il1b, il-10, cxcl-8a,

tnfa, and mmp9. Overall, there was no significant difference
between the fucoidan-fed zebrafish and the control, except for
il1b, which was expressed at slightly decreased levels (0.63-
fold) in the fucoidan-fed zebrafish compared to the control
(Figure 2B).

Effect of OM Fucoidan on Microbiota
Diversity and Composition of Larval and
Adult Zebrafish
The effects of OM fucoidan on diversity of larval and adult
zebrafish microbiota were analyzed by 16S rRNA gene amplicon
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FIGURE 2 | Relative gene expression of immune genes of zebrafish treated with OM fucoidan. (A) Control, 6 dpf zebrafish larvae; Fucoidan, 6 dpf zebrafish larvae

immersed in 500µg/mL fucoidan from 3 dpf for 3 days. (B) Control, intestinal samples of adult zebrafish fed with standard fish meal for 3 weeks; Fucoidan, intestinal

samples of adult zebrafish fed with OM fucoidan meal (Tetramin fish flakes: OM fucoidan = 1:1). The asterisk denotes significant differences from the control samples

(P < 0.05, 1-way ANOVA).

sequencing.Whole-bodyDNA samples of pools of 6 dpf zebrafish
larvae were obtained from the three groups (n = 4 per group;
immersion in 0, 100, and 500µg/mL of OM fucoidan in E3 water)
and used for Illumina MiSeq sequencing of 16S rRNA genes. For
adult zebrafish, intestinal DNA from each of the two groups (n=
5 per group; control vs. OM-fucoidan fed) was used. A summary
of the sequencing results is shown in Table S2 and the rarefaction
curves of all samples, except one sample (WO3, a control sample
of zebrafish larvae), reached saturation (Figure S1).

In microbiota of zebrafish larvae, no significant differences
were observed in the species richness (Chao1, P = 0.47265;
ACE; P= 0.74339; Figure 3A) or the species evenness (Shannon,
P = 0.96621; Simpson, P = 0.96058; Figure 3B) between the
control and fucoidan-treated fish, regardless of the fucoidan
concentrations. In intestinal microbiota of adult zebrafish, the
species richness was also not affected (Chao1, P = 0.88482; ACE;
P = 0.90299; Figure 3C), while the species evenness tended to
be moderately increased in the fucoidan-fed zebrafish (Shannon,
P = 0.079088; Simpson, P = 0.078456; Figure 3D). β-Diversity
analyses showed no significant association between fucoidan
treatment and microbiota composition of zebrafish larvae (P <

0.49845; Figure 3E), which was in contrast to adult zebrafish, in
which fucoidan-feeding was moderately associated with changes
in the species composition of intestinal microbiota (P < 0.023,
Figure 3F). Collectively, these results indicate that the treatments
with OM fucoidan affected the diversity and composition of

intestinal microbiota of adult zebrafish, but not the larvae
zebrafish microbiota.

Taxonomic assignment of OTUs generated from each
sample was performed using EzBioCloud database (https://
www.ezbiocloud.net), which offers a high genus and species-
level resolution (36). Consistent with our previous work (27),
microbiota of zebrafish larvae was predominated (>95%) by
Enterobacteriaceae (Figure 4A), which were affiliated with the
Escherichia coli group (Figure S2, Table S3). Consistent with
the diversity analyses (Figure 3), the relative abundance of each
bacterial species and OTUs were similar between the larvae
samples and did not reflect an effect of OM fucoidan (Figure 4A,
Figure S2). In addition, DESeq2 and LEfSe analyses failed to
identify significantly different taxa between the control and
fucoidan-treated zebrafish larvae.

In contrast, a significant difference was observed in the
intestinal microbiota between the control and fucoidan-fed adult
zebrafish (Figures 4B,C, Figure S3). The class to species-level
composition of intestinal microbiota of fucoidan-fed zebrafish
was clearly different from the control (Figure S3), and this
difference is characterized by the emergence and increase of
relative abundance of several bacterial groups affiliated with
Comamonadaceae and Rhizobiaceae (Figure 4B, Figure S3). At
the genus and species level, these families were represented by
unclassified genus of Comamonadaceae [AB076847, (42)] and
the genus Shinella granuli group (Rhizobiaceae) (Figure 4C,
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FIGURE 3 | Effect of OM fucoidan on the diversity of larvae zebrafish microbiota and adult zebrafish intestinal microbiota. Species-level community richness (A,C) and

species level community evenness (B,D) were compared between larvae zebrafish samples (A, B, E; F100, the zebrafish larvae treated with 100µg/mL OM fucoidan

from 3 dpf for 3 days; F500, the zebrafish larvae treated with 500µg/mL OM fucoidan from 3 dpf for 3 days) and adult zebrafish intestinal samples (C, D, F; Fucoidan

[Tetramin fish flakes: OM fucoidan = 1:1] for 3 weeks). Beta-diversity of larval (E) and adult intestinal (F) microbiota compared by the principal coordinates analyses

(PCoA) based on Bray–Curtis dissimilarity index.
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FIGURE 4 | Effects of OM fucoidan on the bacterial community structure of larvae zebrafish microbiota and adult zebrafish intestinal microbiota. (A) Composition of

family-level bacterial groups in the larvae zebrafish microbiota (F100, the zebrafish larvae treated with 100µg/mL OM fucoidan from 3 dpf for 3 days; F500, the

zebrafish larvae treated with 500µg/mL OM fucoidan from 3 dpf for 3 days.). (B) Composition of family-level bacterial groups in the adult zebrafish intestinal

microbiota. (C) Composition of genus-level bacterial groups in adult zebrafish intestinal microbiota. (B,C) Fucoidan [Tetramin fish flakes: OM fucoidan = 1:1] for 3

weeks). The taxonomic assignment is based on the latest EZbioCloud database (36). Taxa representing <0.1% of the total community are not visualized.
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Figure S3). The predominant families Comamonadaceae and
Rhizobiaceae were also identified as the significantly different
taxa represented in the fucoidan-fed zebrafish by the DESeq2
and LEfSe analyses (Figures 5A,B). Interestingly, both analyses
revealed that the increase of Comamonadaceae and Rhizobiaceae
were concomitant with the decrease of Enterobacteriaceae
(Figures 5A,B, Figure S3). LEfSe analysis also found that
unclassified groups of Rhizobiales and Betaproteobacteria
were significantly associated with the fucoidan-feeding, while
Flavobacteriia (phylum Bacteroides) were negatively affected
(Figure 5B).

DISCUSSION

Our current study showed that fucoidan derived from Japanese
brown seaweed C. okamuranus has the potential to modulate
the intestinal microbiota of adult zebrafish. The profound
compositional change associated with the fucoidan-feeding in
adult zebrafish can be characterized by the increased abundance
of bacterial groups affiliated with Comamonadaceae and
Rhizobiaceae and a decreased abundance of Enterobacteriaceae.
Although non-pathogenic bacteria of the E. coli species have
been proposed to confer a protective effect on zebrafish larvae
via lipopolysaccharide (LPS) tolerance and acid production
(43, 44), numerous studies have reported proinflammatory
effects of Enterobacteriaceae in fish (45, 46). In addition,
Enterobacteriaceae are thought to be responsible for the spread
of antimicrobial resistance in aquatic environments (47). In
this context, it is intriguing that the relative expression of
il1b, a proinflammatory cytokine, was moderately downregulated
in the fucoidan- fed adult zebrafish (Figure 2B), which
suggests that OM fucoidan may have directly or indirectly
suppressed the dominance of Enterobacteriaceae that can induce
proinflammatory responses. This type of diet–microbiota–
host interplay is likely to play a crucial role in pro- and
antiinflammatory states in animal intestines [(48) for review],
and it is therefore of great interest further investigate in future
studies on the mechanism that OM fucoidan decreases the
relative abundance of Enterobacteriaceae in the fish intestine with
regard to how it may impact the health of the fish population.

While metabolic and physiological properties of the intestinal
bacteria of adult zebrafish that responded to the fucoidan feeding
are yet to be determined, the increase of Comamonadaceae and
Rhizobiaceae suggests their involvement in the degradation of
OM fucoidan. Interestingly, Comamonadaceae and Rhizobiaceae
have been frequently found in a nitrogen removal process in
wastewater treatment systems called solid-phase denitrification
(49), where solid biodegradable polymers are used as carbon
sources for denitrifying bacteria (50). This system is also
applicable for nitrogen removal in aquaculture, where increased
nitrate concentration poses negative effects on fish (51). Indeed,
the unclassified Comamonadaceae [AB076847, (42)] and Shinella
spp., the intestinal abundance of which increased in response
to the fucoidan feeding of adult zebrafish in our current
study, have been reported to belong to denitrifying bacteria
possessing biodegrading abilities of diverse compounds including
biopolymers and xenobiotics (42, 52, 53). Therefore, it seems
plausible that OM fucoidan may serve as a carbon source for

intestinal bacteria of adult zebrafish, and identification of the
degradation pathways involved awaits further investigation

Although a large body of studies has documented that the host
innate immunity plays significant roles for shaping microbiota
and vice versa (26, 54), our current results imply that the
compositional structure of microbiota is not strongly correlated
to the expression patterns of host immune genes. Feeding of
OM fucoidan for 3 weeks profoundly altered gut microbiota
composition in adult zebrafish; however, the analysis of a selected
set of immune genes only showed a slight reduction in the
expression of il1b. In contrast, the exposure of zebrafish larvae to
OM fucoidan resulted in changes in expression of immune genes
(il1b, il10, tnfa, and mmp9) but did not affect the microbiota
composition. These results might be partly explained by the
timing and duration of the exposure. Since larval feeding starts
in the immersion window, it is expected that the immune system
of these developing larvae is responding to novel antigens that
it is exposed to. In contrast, in adult fish, the immune system
has fully developed and a proper homeostasis is reached at the
mucosal surfaces such as the intestines (55). Furthermore, since
we only evaluated the immune response in the intestines at 3
weeks after feeding, the initial immune modulatory effect of
primary exposure to fucoidan might have been missed, while the
microbiota had 3 weeks to adapt to the new substrate provided.
Future studies will include multiple time points to address early
vs. late immune modulatory effects at different time points in
life (of fish).

Furthermore, as has been shown in a study by Burns et al.
using innate immune-deficient Myd88 knockout zebrafish (56),
the gut microbiota composition can be better explained by
the interhost dispersal effect, i.e., transmission and sharing
microbiota among hosts, than immune gene expression patterns.
Also, Stagaman et al. have reported that the effects of adaptive
immunity on microbiota composition can be overwhelmed
by other factors derived from co-housing within the same
tank (57). Our study also reflected this phenomenon, since
all adult zebrafish fed with OM fucoidan showed the same
compositional changes in the relative abundance of specific
bacterial groups (Figures 4B,C, Figure S3). The interhost
dispersal of Comamonadaceae and Rhizobiaceae among adult
zebrafish associated with the fucoidan-feeding suggests that
these specific bacterial groups are subject to filtering by local
host environments. Further studies are warranted to determine
whether the interhost dispersal and OM fucoidan reciprocally
affected the microbial composition.

In contrast to previous studies reporting inhibitory effects of
fucoidan on inflammatory responses of injury zebrafish models
(58, 59), the influence of OM fucoidan treatments on the baseline
zebrafish immune responses were rather mild in our current
study. In addition, while a previous study has implied a high
concentration of fucoidan may be cytotoxic (60), immersion of
zebrafish larvae (3–6 dpf) in OM fucoidan at concentrations
of 100 and 500µg/mL did not affect their fitness. In previous
studies using LPS-challenged zebrafish models (58, 59), the
antiinflammation effects of fucoidan may be rather explained
by the interference of LPS–host interaction rather than direct
modulation of host immunity. Another interpretation of the less
profound effect on the baseline immune response of zebrafish to
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FIGURE 5 | Significantly different taxa in the adult zebrafish intestinal microbiota associated with the OM fucoidan treatment. (A) Differently abundant bacterial families

between the intestinal microbiota of the control and OM fucoidan-fed adult zebrafish, identified by differential abundance analysis using DESeq2 in R. The taxonomy

assignment of the OTU dataset used is based on the RDP classifier (version 2.11, 97% identity threshold, 39). (B) Specific bacterial groups positively (green)- and

negatively (red)- associated with OM fucoidan treatment. Identification of the significantly different taxa and LDA score calculation were performed by Linear

discriminant analysis effect size (LEfSe) tool implemented with EZBioCloud (36). The taxonomic assignment is based on the latest EZbioCloud database (36).
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fucoidan is that zebrafish immunity may have evolved to become
tolerant to the constituents of blown algae abundant in their
original habitats (61).

Our current finding that OM fucoidan modulated the gut
microbiota composition of zebrafish is in line with studies
using rodents (22, 23). The improvement of diabetic symptoms
attributed to the modulation of gut microbiota by fucoidan
that have been shown in previous studies (24, 25) implies that
fucoidan feeding and the subsequent alteration of intestinal
microbiota may also affect metabolic properties of fish. Future
studies toward a better understanding of the commonalities
between intestinal microbial metabolism and host responses
shared by fish and animals (62, 63) will help us to evaluate the
potential of OM fucoidan as a new prebiotic in aquaculture (64).

CONCLUSIONS

Treatment with OM fucoidan moderately modulated the
relative expression of innate immune genes in larvae zebrafish,
while no change in microbiota composition was observed. In
adult zebrafish, feeding OM fucoidan increased the relative
abundance of Comamonadaceae and Rhizobiaceae at the
expense of Enterobacteriaceae, which was accompanied by a
slight decrease of relative expression of a proinflammatory
gene il1b, which suggests a potential of OM fucoidan to
shift the microbial composition to an antiinflammatory
state by selectively suppressing populations of bacteria that
are associated with proinflammatory responses. To our
knowledge, this is the first study to describe in vivo modulatory
effects of fucoidan on microbiota and immune responses of
unchallenged zebrafish.
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